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3Abstract
This thesis studies the propagation of high intensity lasers through underdense plas-
mas and the subsequent channel formation. This comprises experimental studies of
hole boring mechanism in laser plasma interactions, as well as simulations relevant
to these experiments. The experiments described were conducted at the Rutherford
Appleton Laboratory (January- April 2009) utilising the Vulcan laser facility.
A chapter is dedicated to the characterisation of gas jets used for the channelling ex-
periments. This chapter gives a study of gas flows using diﬀerent supersonic nozzles
and theoretical background that is applicable to laser plasma experiments described
later.
The major experimental chapter presents, the production of relativistic electron
with the interaction of high intensity lasers (1 ps) with under dense plasmas. The
experimental results and simulations show that the ponderomotive force of the laser
pulse produces an ion channel due to the expulsion of electrons. The interaction
of the laser field with the focusing force of the channel leads to significant electron
acceleration with energies up to 200 MeV.
The final experimental chapter investigates channel creation in deuterium gas jets
at varying plasma densities ( 1018 cm−3 - 1020 cm−3), using laser pulses with pa-
rameters for the hole-boring phase of the Fast Ignitor scheme of inertial confinment
fusion (τ ∼ 30 ps, I = 1018 Wcm−2). The ponderomotive force and relativistic
eﬀects cause the laser pulse to self-focus. These eﬀects can guide the laser pulse
through the plasma over many Rayleigh lengths. The generation of energetic elec-
trons (∼ MeV) was also observed, but with relatively little dependence on density.
The experimental data has been also illustrated by simulations, which exhibit good
agreement with experimental results for the channel formation.
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Chapter 1
Introduction
The field of laser-plasma interactions has been functional almost from the moment
the laser was invented in 1960 [1]. The race to make the laser began at Bell labora-
tories in 1951 [2]. By 1953 researchers had turned their theory into a working device,
called a maser (microwave amplification by stimulated emission by radiation) [3].
In 1958, Townes and Arthur Schawlow wrote a paper [4] describing extending the
maser concept into the optical regime, to make the first “infrared and optical maser”
in other words laser. Once lasers exceeded intensities ≥ 1010 Wcm−2, they could
easily ionise matter to the mm plasma.
Plasma is a quasi-neutral gas of charged and neutral particles and since it is quite
unlike solid, liquids and gases, is therefore called the fourth state of matter. In a
plasma the motion of particles is governed by both hydrodynamics and electromag-
netic forces. In fact, approximately 99 % of the known universe consist of plasma
(excluding the possibilities of dark energy, and as yet unobserved dark matter). All
of the stars including the Sun are entirely composed of plasma.
Laser plasma interactions has been studied extensively since those first pulsed
lasers (which were in the 1960’s), leading to numerous important applications. The
fast progress of short pulse (≤ 1ps) lasers technology has made it possible to study
laser plasma interactions at ultra-high intensities (≥ 1018 Wcm−2). This advance-
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Figure 1.1: High powered lasers focussed onto a target are used to produce plasmas2
ment has been due to the implementation of chirped pulse amplification (CPA) [5].
There are many applications of these high intensity laser plasma interactions, includ-
ing particle accelerators [6], [?], inertial confinement fusion schemes [7] and biological
and medical technologies [8]. The phenomenology of the laser plasma interactions
depends on the plasma density in relation to the laser frequency and duration (
whether the plasma is produced from a gaseous or solid target). Current activity
can be divided into regimes, depending on laser duration and intensity. In the first
regime, long pulse lasers interact with plasmas of density above the critical value for
laser propagation. For example, in solid target interactions, we have λ = 1054 nm,
ncr > 1021cm−3 and laser pulse durations ∼ nsec and energies ∼ kJ, such interactions
have applications in laboratory astrophysics and inertial fusion energy (IFE).
The second regime is related to short pulse laser ( ≤ psec durations, and ∼ J
energies). For plasmas with density less than the critical plasma density for λ = 1054
nm , ncr < 1021cm−3 , i.e. underdense, gaseous target are employed, and these
interactions have applications such as particle acceleration. From solids, applications
such as ion beam generation and high harmonic generation are important.
In long pulse laser plasma experiments, instabilities can reduce the eﬃciency of
laser energy deposited onto the target (Brillouin Scattering, filamentation) and leads
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Targets Long Pulse Short Pulse
Underdense Gas jets, exploding foils Channels Laser wakefield
Overdense Solids, liquid droplets, foams ICF, XRL Ion acceleration, harmonics
Table 1.1: A matrix representation of high intensity laser fields
Figure 1.2: An aerial view over the CERN particle accelerator facility
to breakup and scattering of the laser. However at higher intensities some of the
same instabilities can find applications: e.g. ∼ acceleration of electrons to relativistic
(∼ MeV) energies (Forward Raman Scattering) [9] and laser amplification (Raman
Amplification) [10]. In the following sections the applications of plasmas that are
created using high power laser systems will be given, followed by an overview of the
work that is presented in this thesis.
1.1 Particle accelerators using plasmas
Particle accelerator have become one of the most important research tools in the
development of the modern physics. These same accelerators now find a myriad of
uses in radiation, imaging and medical applications. In conventional accelerators,
the electric field used to accelerate charged particles is limited by electrical break-
22 CHAPTER 1. INTRODUCTION
Figure 1.3: The charge separation in a plasma slab results a restoring force F in
plasma slab, and an oscillation in density ensues at a characteristic fre-
quency ωp.
down to a maximum on the order of 50 MV/m [11]. The limit on the field means
that for particles requiring energy beyond TeV, as is the case for the next generation
of particle accelerators, it will be necessary to build even longer and therefore, even
more costly facilities that are 10s of km long 3. To avoid the machines becoming
larger, a technology oﬀering higher gradients become necessary. High gradients of
course, could also reduce the scale and therefore possibly the cost of other more com-
mon accelerators. Hence they could also become important in the field of medicine,
material sciences and as laboratory tools. Plasma based accelerators give the po-
tential of more compact machines, since plasmas can support laser electric fields
since they are not subjected to electrical breakdown like the conventional acceler-
ators. The use of laser excited plasma oscillations to accelerate electrons was first
proposed by Tajima and Dawson [6].
Extensive research has shown that laser plasma accelerators are a promising al-
ternative and/or supplement to conventional particle accelerators [12]. In a laser
wakefield accelerator, the radiation (or ponderomotive) pressure of laser pulse pass-
3(Photo@ CERN)
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ing through the plasma pushes away electron from regions of high intensity. Consider
a uniform slab of plasma having thickness L, as shown in 1.3. Suppose, we displace
electrons by a distance δx. Due to the displacement (δx￿ L) there is a charge sep-
aration with electric field of magnitude E = eneδx/￿0, where e is charge on electron
and ne is electron density. The electric field produce restoring force on the displaced
electrons and thus electrons will oscillate about the equilibrium position. Consider
the equation of motion due to the electrons
me
∂2(δx)
∂t2
= −eE ⇒ ∂
2(δx)
∂t2
+
nee2(δx)
me￿0
= 0 (1.1)
This is equation of harmonic oscillator with frequency ω2p = nee
2/me￿0, where ωp
is the plasma frequency. The frequency of the longitudinal electrostatic waves is
ωp[s−1] = 5.6 × 104√ne , where ne is the electron density in cm−3. The relativistic
plasma wave has wavelength (λp = 2πvp/ωp) and wave number kp = ωp/vp, with
vp ∼ c. The plasma response is maximised when the laser pulse duration cτL is
approximately equal to half the relativistic plasma wavelength λp/2. In this case,
the plasma waves have electric field due to the density oscillations which are shown
in figure 1.4. Electrons placed in the phase range, will be accelerated longitudinal to
and focused in the transverse direction. If they travel fast enough to stay in phase
with the wave then this leads to trapping and the acceleration of the particles. Since,
these waves are capable of accelerating electrons to high energies. This process is
known as a laser wakefield accelerator.
In the extreme case, a single laser pulse can have of such high intensity that it force
the wake to reach to suﬃcient amplitude to trap background plasma electrons from
rest. This is known as wave breaking and can be take place when the amplitude
reaches that of sinusoidal with density variation compressible to the neutral plasma
density.
eE0
meωp
= vp ∼ c⇒ E0 = meωpc
e
= 96[
√
necm
−3]V m−1 (1.2)
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Figure 1.4: Plasma wave generation
For the moderate plasma densities ∼ 1019cm−3, the accelerating field will be E0 ∼
300 GV/m .
1.2 Thermonuclear Fusion
As technology has developed and the population of mankind has intensified, energy
requirements have increased dramatically. Two of the main energy resources, fossil
fuels and fission, both have problems associated with them. Reserves of fossil fuels,
such as oil, gas and coal are expected to be depleted in the near future and play a
major role in global warming. On the other hand, the fission process produces ra-
dioactive material that requires storage for a significant time. Fission also has safety
and security implications. Therefore, it is of great importance to find alternative
sources of energy. One such alternative approach is fusion energy, the process that
powers the stars and the Sun. The history of fusion can be tracked back to 1920
when Francis William Aston discovered that four hydrogen nuclei are heavier than
a single helium nucleus; ( the stability of helium leads to lower rest mass). Another
British scientist, Arthur Eddington, proposed that the Sun could obtain its energy
from converting hydrogen into helium nuclei, releasing energy, according to Ein-
stein’s equation E = mc2. Nuclear fusion is the process by which two or more light
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nuclei fuse to form a heavy nucleus and liberate nuclear energy. However, in order
to combine the nuclei, it is necessary to overcome the repulsive nuclear potential.
In the sun the hydrogen nuclei combine to form helium at temperatures of tens of
millions of degrees celsius ( > keV).
For example, in DT reactions, a net energy of 17.6 MeV is produced, which is
distributed among the two fusion products, an alpha particle and a neutron as
2
1D+
3
1 T→ 42He (3.5 MeV) + 10n (14.1 MeV). (1.3)
From this equation one can calculate the energy released from 1 g of DT fuel which
is 340 × 109 J . This is approximately the same energy as is released by burning 8
tonnes of oil. An additional advantage is that deuterium is found abundantly in sea
water, making the fuel supply relatively easy to access. To make fusion possible,
drive laser beam
blow-off
plasma
cone
heating
beam
The DT ice shell implodes to high density The cone guides the heating beam to the
dense core
The fuel ignites and a burn wave propagates
outwards
(a) Compression (b) Heating (c) Ignition and burn
Figure 1.5: A schematic of the fast ignition approach to inertial confinement fusion
(ICF): (a) shows the compression of DT fuel by radiation , (b) shows
the heating beam being guided by the cone to the dense plasma core
and (c) shows the ignition of the dense fuel and the burn wave, releasing
fusion energy.
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the atoms must be heated to high temperatures and held at high pressure for long
enough time for fusion to occur. The goal is to confine this deuterium-tritium plasma
(DT) for a suﬃcient long time with a rather high density and with a thermonuclear
temperature (108K ∼ 10 keV) in order to satisfy the Lawson criterion
neτ > 10
14 cm−3s (1.4)
where ne is electronic density and τ is plasma confinement time.There are two dif-
ferent confinement routes being considered for fusion energy. One is magnetic con-
finement fusion (MCF), which confines the plasma with magnetic fields, such as
in a tokamak. To demonstrate break-even energy, a relative low density plasmas
(ne ∼ 1014cm−3) has to be confined for a relatively long time (τ ∼ 1s). Tokamak
technology has advanced in the last few years and ITER is an international collabo-
ration that aims to reveal the scientific and technological feasibility of fusion power
production [13].
The second route is inertial confinement fusion (ICF), which uses strong irradiation
such as lasers, to compress the fuel to high density (ne ∼ 1026cm−3) for a relatively
short time (τ ∼ ps).The driver for this route can be a laser, ion or electron beam,
or a Z-pinch [14]. Large scale facilities such as the National Ignition Facility (NIF)
in the USA [15], the Laser Megajoule in France [16] are in the process of beginning
operation and potentially producing fusion power soon.
1.2.1 Fast Ignition
A potentially more eﬃcient approach to inertial confinement fusion is the fast ig-
nition (FI) concept. This was first proposed by Tabak et al [7] in 1994 from the
Lawrence Livermore National laboratory. It oﬀers the potential of producing signif-
icantly higher gains with much less driver energy than the conventional approach.
It works by separating the two processes of compression and ignition stages.
First, a capsule is imploded to form a high-density core at relative low temper-
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ature by the same type of laser facility as used for conventional ICF. Once the fuel
has been assembled at suﬃciently high density, it can be ignited by a high energy
pulse of duration shorter than the fuel assembly time (∼ 20 ps).
As fusion energy gain depends only on the amount of the fuel present, once the
sparked has been formed, the energy gain is substantially higher as compared to
central spot ignition. Secondly, if more fuel can be compressed during implosion,
the “in-flight aspect ratio” (the ratio the thickness of the remaining shell and fuel
during the compression acceleration phase of the implosion to the initial shell ra-
dius) can be much larger than in the conventional scheme. This can reduce the
requirements on implosion symmetry to allow the fuel to reach really high density
without hydrodynamics instabilities. Thus Fast Ignition has many attractive fea-
tures as compared to the conventional schemes. It can greatly relax the laser - drive
energy requirement for implosion and heating and is less stringent for beam quality
and much lower drive symmetry requirements to assemble the fuel.
In the original fast ignition scheme [7], three diﬀerent sets of laser pulses were re-
quired. Firstly, a nanosecond pulses compress the deuterium-tritium fuel. Shortly,
before peak compression, pulses from a second laser (∼ several hundred picosec-
onds, I = 1017− 1019 W cm−2) are used to form a plasma channel. In this case, the
laser pulse is use to make a hole in the plasma atmosphere. This process is called
“hole-boring”. In this phase, the critical surface is pushed towards the dense core
of the plasma. After implosion, an ignitor pulse from a PW (petawatt = 1015 Watt)
laser that lasts about 10 ps is driven into the channel formed by the second laser
pulse. The huge energy density of the focused light accelerates extensive numbers of
electrons (∼ 1 MeV) at the critical surface. The electrons then propagate into the
dense plasma where they are stopped. This process leads to strong local heating and
initiate the fusion spark. The burnt wave then ignites the whole fuel. This process
is illustrated in figure 1.5.
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1.2.2 Demonstration of Fast Ignition
At the 2nd “International Workshop on the Fast Ignition of Fusion Targets” held in
Germany in 1997, Professor Steven Rose proposed the concept of driving a partial
shell down the inside of a hollow gold cone. This allows the PW ignition pulse
to propagate completely free of plasma before interacting with the solid density
material at the tip of the cone. The fast electron beam would then be able to
propagate into the compressed plasma and deposit its energy. At the same time,
Max Tabak with his team were working on a similar approach at LLNL-insertion
of a gold cone into a hollow shell. This allows the compressed plasma to stagnate
at the apex of the cone and the electron beam does not have far to propagate.
An Anglo-japanese team worked to couple a 100 TW short-duration laser pulse to
these novel target geometries that allowed simultaneously fuel compression and fast
heating at the Rutherford Appleton Laboratory [18] and then with great success at
LIL, Osaka, Japan [19]. A hollow gold cone was inserted into a deuterated plastic
shell, which was first compressed to 4 ∼ 600 gcm−3. As a result, a dense plasma
formed close to the tip of the cone. The first demonstration using a PW laser system
to heat these compressed source was performed at LIL in 2002 [19] and measured
a 100 times increase in fusion neutrons, corresponding to a temperature increase of
the compressed cone due to the ignitor beam.
The High Power laser Energy Research facility (HiPER) project has designed to
demonstrate the feasibility of laser driven fusion, utilising the FI scheme, as a future
energy source. This is a truly exciting prospect, and we begin to see the outline of
the roadmap for the commercial achievement of fusion energy through fast ignition
(FI).
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1.3 Hole-boring concept
In the fast ignition approach the phases of compression and heating of the DT
capsule are done into diﬀerent steps. The last step is done with high intensify
lasers while the compression is achieved with conventional ICF lasers. This scheme
employs four phases as shown in figure1.6
The DT cores with high density 100 psec, 1018 W/cm2 creates channel The fuel ignites and a burn spreads
outwards
(a) High Compression (b) Channeling laser beam (d) Thermouclear burn(c) Ignitor laser beam
5 psec, 1020 W/cm2 generates Mev
electrons channel, sending them
into core
Figure 1.6: Hole boring concept: (a) laser beams rapidly heat the surface of the DT
shell; (b) Creation of a density channel; (c) fast electrons generation and
transport; (d) fuel ignition.
1. In the first phase, a fuel capsule is compressed, without creating a central
hot spot. The target core compresses from a density ρ = 0.3 gcm−3 to ρ =
300 gcm−3. A millimetre length underdense corona of plasma surrounds the
target core.
2. In the second phase, a high intensify long pulse (intensity ≥ 1018 Wcm−2);
duration ∼ 100 ps) bores a channel in the coronal plasma, and pushes the
critical surface towards the dense core of the DT capsule.
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3. The channel is used as a guide for a second high intense short pulse laser
(∼ 1020 Wcm−2), ∼ 1 ps which approaches the compressed core as close as
possible (ne ∼ 1026 cm−3) to generate a supra-thermal electron beam, which
is able to penetrate through the dense fuel.
4. These fast electrons travel over a few hundreds microns before reaching the
inner region of the core where they deposit their energy. Those particles, whose
energy is about ∼ 1 MeV, have a mean free path close to that of the α particles
of 3.5 MeV and can create a hot spot that meets the ignition conditions :
temperature T ∼ 5 − 10 keV and areal density ρR ∼ 0.3 − 0.5 gcm−2, where
ρ is the target core density [20].
The interest for this concept comes from the decoupling of the fuel compression
and heating, which reduces the constraints on implosion symmetry. This should
allow a greater tolerance to hydrodynamic instabilities (Rayleigh-Taylor). It also
means less total energy is required. Since the compression beams do not have to
create a hot spot, and so potentially increases the gain too.
1.4 Organisation of the thesis
This thesis is presented as follows:
Chapter 2 provides the basic theory of plasma physics, and also review laser-plasma
interaction regimes that are relevant to the thesis work.
Chapter 3 introduces the Vulcan laser system used to perform the experiments,
the target properties and preparation and finally the experimental setups. There
then follows a detailed description of optical plasma diagnostics.
Chapter 4 includes the description of the gas jet characterisation with diﬀerent gas
nozzles, gases (hydrogen, argon, deuterium ) at diﬀerent pressures.
Chapter5 presents the results of the interaction of the Vulcan short pulse (1ps),
high intensity (> 1021 Wcm−2) laser with underdense plasma over a range of densi-
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ties.
Chapter 6 presents the results obtained with 30 ps Vulcan TAW beam at intensi-
ties ∼ 1015 Wcm−2 with underdense plasmas over a similar range of densities.
Chapter 7 presents summary and conclusions concerning the work described in
thesis. Possible future research directions are also suggested.
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Chapter 2
Laser Plasma Interactions
2.1 Introduction
The starting point of laser-plasma interaction is the transition of the target material
into plasma due to the presence of the laser electric field. Laser-induced ionisation
was observed shortly after the invention of the laser in the “sixties” [21]. Due to
advances in technology, higher intensities, diﬀerent wavelengths and shorter pulse
durations, lasers have become available for experiments. Depending on the laser pa-
rameters used, diﬀerent ionisation processes such as photo-ionisation, multi-photon
ionisation, threshold ionisation and barrier suppression ionisation were observed.
Several theoretical models have been developed with the aim of predicting the ioni-
sation rates and the kinetic energy of the emitted electrons.
In this chapter, we first introduce, the normalised vector potential, which is be
useful in describing diﬀerent regimes of laser matter interaction. Then diﬀerent
ionisation processes of matter by a laser are reviewed. Key results are summarised
which are in particular relevant for the interpretation of the experimental data ob-
tained in this thesis. The various ionisation models are presented and the influence
of laser parameters is discussed. Then we discuss the ponderomotive force which
arsises due to nonlinear interaction with the laser field. This is used to described
33
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the resulting motion of an electron in a spatially inhomogeneous laser field. The
non-relativistic as well as the relativistic case are considered. Finally, we discuss
some common laser plasma instabilities.
2.2 Normalised Vector Potential
We begin by considering the motion of an electron in a vector potential of an elec-
tromagnetic wave, with a vector potential given by,
A = A0 sin(kL.r− ωLt) (2.1)
where A0 is the amplitude of the wave, ωL = 2πc/λL is the angular frequency of
the electromagnetic wave, kL = 2πη/λL is the wavenumber of the laser, λL is the
wavelength of the laser and η is the refractive index. Consider the electromagnetic
wave to be propagating such that the electric field is in the x-direction and the
magnetic field is in the y-direction here wave is propagating in the z-direction. The
electric and magnetic fields can be written as
E = −∂A
∂t
= E0 cos(kLz − ωLt), (2.2)
B = ￿×A = B0 cos(kLz − ωLt). (2.3)
where E0 = ωLA0xˆ and B0 = kLA0yˆ. The peak normalised vector potential a0
1 is proportional to the peak electric field E0 and can be written as
a0 =
eA0
mec
=
eE0
mecωL
, (2.4)
where e is the charge on an electron (in Coulombs), E is the electric field in Vm−1.
When the normalised vector potential a0 approaches unity, electrons will be
oscillating in the field at a speed approaching the speed of light in vacuum, c, and
relativistic eﬀects become important.
1The normalised vector potential, a, can be expressed in terms of velocity of electron to the
velocity of light a = vec =
e|E|
ω0mec
. It is a useful quantity for comparison of diﬀerent laser systems.
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2.2.1 Importance of laser intensity
The definition of “high-intensity” laser comes from the natural baseline related to
the hydrogen atom. From the Bohr model, we can derive quantities, which may
needed for laser-atom interactions. First, we define the Bohr radius,
aB =
￿2
me2
= 5.3× 10−9 cm = 0.053nm (2.5)
where m is the mass of electron, e is the electron charge and ￿ is the Planck’s
constant. The electric field strength of the hydrogen atom at the distance of the
Bohr radius aB can be expressed as
Ea =
e
4π￿0a2B
≈ 5.1× 1011Vm−1, (2.6)
￿0 is the vacuum permittivity. A laser pulse with an intensity IL of 1018 Wcm
−2 has
a corresponding electric field amplitude of
E0 =
￿
2IL
￿0c
≈ 2.7× 1012Vm−1 (2.7)
and can be seen to exceed the coulomb field. The intensity at which the laser field
matches the binding strength of the electron to the hydrogen atom is
Ia =
cE2a
8π
≈ 3.51× 1016 Wcm−2 (2.8)
Intensities above this threshold (IL > Ia) will lead to ionisation for any target
material. Hence the electron in this case will be no longer bound to the nucleus. But
it will oscillate in the lasers electromagnetic field with relativistic velocity (v ≈ c),
which results in a relativistic mass increase exceeding the electron rest mass.
2.3 Ionisation processes
When studying laser ionisation of materials, account must be taken of the laser pulse
intensity and time duration. Ionisation processes are diﬀerent for longer pulses as
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compared to ultrashort laser pulses. The collective term for processes that lead to
ionisation through the action of an optical electromagnetic field is called optical field
ionisation (OFI). The diﬀerent regimes of OFI are shown in figure 2.1.
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Figure 2.1: Three diﬀerent regimes of optical field ionisation (OFI) (a) multiphoton
ionisation, (b) tunnelling ionisation and (c) barrier suppression ionisa-
tion.
2.3.1 Multi-photon ionisation
At the relatively low intensities in the pedestal of high-powered lasers, the electric
field strength produced is usually not large enough to suppress the atomic field as
shown in figure 2.1(a). Also the energy of the photons is too low to induce direct
photo-ionisation. However, these intensities can still induce optical break- down of
material [ [22], [23]]. This eﬀect referred to as multi-photon ionisation (MPI) [24] and
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had already been predicted by Goppert-Mayer in 1931 [25]. According to Einstein,
a bound electron can be liberated if it absorbs the quantum energy as given by the
famous equation famous equation
Ekin = hν − Eion (2.9)
where ν is the frequency of the photon and Eion the ionisation energy. In this
case, ionisation is induced if many (N.hν) photons are absorbed simultaneously. The
remaining energy, Ekin, is given to the electron in the form of kinetic energy. At
short wavelengths (hν > Eion) a single photon is all that is required and ionisation
can occur at very low intensities. For longer wavelengths, several photons need to be
absorbed before ionisation can take place, so that the electron occupies many virtual
energy levels before leaving the atom [26] as see in figure 2.1(a). If more photons
are absorbed by the electron than required for overcoming the binding energy of
the atom, then the kinetic energy of the electron is larger than the photon energy,
Ekin > ￿ω. In the extended version of the Einstein equation, photo-ionisation is
given by
Ekin = (N + s)￿ω − Eion (2.10)
where N is the number of photons needed for multipohton ionisation; s is excess
absorbed. This ionisation process is termed Above Threshold Ionisation (ATI) [27],
[28]. The ionisation process can experimentally be studied by analysing the energy
and momentum distribution of the photo-electrons.
2.3.2 Tunnelling ionisation
Stronger laser fields will have a more significant eﬀect on the potential around the
atomic nucleus. This addition of an external electric field lowers the Coulomb barrier
which normally prevents the electron from leaving the atom. It also reduces the
width of this barrier, making it possible for the electron to quantum tunnel through
this barrier as shown in 2.1(b) [5]. Eventually the electron is able to escape the
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atom. This also depends upon the laser frequency, as the electron should have
enough time to tunnel out from the atom before the laser field direction reverses.
The combined potential (V ) of the atom with respect to the spatial coordinate x,
around a nucleus of atomic number Z, adding the influence of the laser (electric field
E) can be defined as
V (x) = − Ze
2
4π￿0x
− eEx (2.11)
Where Z is atomic number and x the distance from the nucleus.
The solution of equation (2.11) can be inverted as
x± =
1
2
￿
V (x)
eE
±
￿
V 2(x)
e2E2
+
Ze
4π￿0E
￿
(2.12)
The distance between these values is the width l of the Coulomb barrier and is
defined as
x+ − x− = l ≈ U
eE
(2.13)
where U is the ionisation energy of the bound electron state. The time in which
electron can tunnel through can be defined as
τt =
￿
meU
2
1
eE
(2.14)
The electron has suﬃcient time to tunnel through which depends upon the ratio
Γ =
ω
ωt
≈
￿
2U
me
ω
eE
(2.15)
where ω is the laser frequency and ωt ∼ 1/τt.
The Γ is called the Keldysh adiabaticity parameter. It is a useful parameter
which to help separate the diﬀerent regimes. If Γ ￿ 1, then ionisation will take
place in the regime of multi-photon ionisation and if (Γ ￿ 1) tunnelling ionisation
will occur.
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2.3.3 Barrier suppression ionisation
The third ionisation mechanism is occur when Γ ￿ 1, encountered at high beam
intensity. The laser can lower the binding Coulomb barrier so that it is less than
the potential of the electron, and the electron can immediately leave the atom.
Taking the derivative of equation (2.11) with respect to x and dVdx = 0 , we can
find the distance xb of the maximum of the potential barrier from the nucleus is
xb =
￿
Ze
4π￿0E
(2.16)
If the potential at xb is less than the ionisation potential, it will be liberated
from the atom. This value of x can be substituted back into equation 2.11, to give
Uion = V (xb) = −
￿
Ze3
π￿0E
(2.17)
Rearranging the above equation for E, then expressing it in terms of the laser
intensity, we obtain
IBSI =
cπ2￿30U
4
ion
2e6Z2
(2.18)
= 4.0× 109 U
4
ion
Z2
Wcm−2 (2.19)
IBSI is the threshold intensity for barrier suppression ionisation. Typical examples
are shown in table 2.1, e.g. for atomic hydrogen Uion = 13.6 eV, thus IBSI =
1.4× 1014 W cm−2 An important factor for experiments is the pulse contrast. High-
Uion(eV ) IBSIWcm−2
Hydrogen (H→ H+) 13.6 1.4×1014
Helium (He→ He+) 24.58 1.0×1015
Argon (Ar→ Ar+) 15.75 7.5×1016
Table 2.1: Ionisation thresholds predicted by BSI-theory for the gases used in the
experiment
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intensity lasers can produce irradiances up to 1021 Wcm−2 and hydrogen will ionise
at about 1014 Wcm−2, in this case contrast of at least 107 is required and so that
there is the main pulse is required to ensure there is no pre ionisation of the target .
Experiments also have shown that with the pulse intensity, the pulse duration play
an important role in the ionisation process. Particularly, when we are using ultra-
short pulses ( durations of < 1 ps), tunnelling ionisation was observed rather than
ATI [29], [30]. If the intensity increases slowly or pre-pulses are present, population
depletion occurs via MPI or additionally collisional ionisation prior to entering the
tunnelling regime. In order to induce tunnel ionisation [31], [32], conclusively the
pulses have to be ultra-short, high-intensity and must be of high contrast [33].
2.4 Motion of a single electron in a laser field
The relativistic equations of motion of a free electron oscillating in a plane electro-
magnetic wave can be solved exactly [34], [35]. While, in the case of low amplitude,
the momentum of the oscillation is perpendicular to the laser direction. At high
field amplitudes, the motion is more complicated. A momentum component paral-
lel to the direction of the laser pulse is also observed. Here we consider that the
electron is free from the influence of the electric field of a nucleus and follows a
trajectory defined by the laser field forces alone. The motion for a single electron in
an electromagnetic wave can then be determined using the Lorentz force,
dp
dt
= −e(E+ v ×B) (2.20)
where v is the the electron velocity and p = γmev is the momentum of electron.
Also,
γ =
￿
1− v
2
c2
￿−1/2
=
￿
1 +
p2
m2ec
2
￿1/2
(2.21)
is the relativistic Lorentz factor. We can rewrite equation (2.20) in this form
d
dt
(γmev) = −e(E+ v ×B) (2.22)
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The term v×B, the force due to the magnetic component of the laser field only be-
comes significant, when v→ c , since (|E| = c|B|). Therefore in the non relativistic
case, a0 < 1, the electron motion will be primarily due to the electric field and will
oscillate linearly along the electric field direction with the laser frequency. But in
the nonlinear relativistic regime, the magnetic field component becomes consider-
able. As a result the electron has a longitudinal as well as transverse motion with
respect to the light propagation direction. The electric field E and magnetic field B
in terms of the vector potential A(x, y, z) are given by 2
E = −∂A
∂t
(2.23)
B = ￿×A (2.24)
Here we consider that the electromagnetic wave is propagating in the x direction
such that
Ey = cBz = −dA
dτ
(2.25)
where the field is described by the vector potential A and τ = t− x/c. The vector
potential is A =
￿
0, A0(τ) cos(ωτ), 0
￿
, where A0 is the amplitude of the wave which
is the slowly varying function of τ . From equation (2.22), the components of the
equation of motion are given by
d
dt
(γx˙) =
eB
me
y˙ = − e
mec
dA
dτ
y˙ (2.26)
d
dt
(γy˙) =
e
me
(E −Bx˙) = − e
mec
dA
dτ
(c− x˙) (2.27)
d
dt
(γz˙) = 0 (2.28)
The normalised vector potential a0 can be defined as
2For the study of a single electron, the electrostatic potential, φ, can be assumed to be negligible.
Therefore, whereas the electric field is more generally expressed as E = −∇φ− ∂A∂t , here it can be
more simply written as E = −∂A∂t .
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a0 =
eA0
mec
(2.29)
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Figure 2.2: The trajectory of an electron in the case of a plane, linearly polarised
electromagnetic wave
To derive the trajectory of the electron in space we need the velocity components
of the electrons which given by
x˙ =
c
2
￿ eA
mec
￿
=
c
2
a20
dτ
dt
cos2(ωτ) (2.30)
y˙ = −c
￿ eA
mec
￿dτ
dt
= ca0
dτ
dt
cos(ωτ) (2.31)
z˙ = 0 (2.32)
By integration of equations (2.30, 2.31 and 2.32), we obtain the electron trajec-
tory
x =
ca20
4ω
￿1
2
sin(2ωτ) + (τ)
￿
(2.33)
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y = −ca0
ω
sin(ωτ) (2.34)
The electron trajectory is described by the equations (2.33, 2.34) and plotted in
figure 2.2. The units are normalised in the x direction to a20/k and to a0/k in the
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Figure 2.3: The figure-of-eight shows the relativistic motion of an electron for a0 =
0.5, a0 = 1, a0 = 2.5, in an intense laser field of infinite length in the
drift frame of reference.
y direction. In the case of the non-relativistic limit, a0 ￿ 1, as shown in equation
2.33, the electrons will oscillate at the laser frequency along the direction of the
electric field of the laser. Conclusively, the motion is predominantly in the transverse
direction. The non-relativistic quiver momentum is then given by p0 = mevosc, where
vosc = a0c is the quiver velocity.
In the case of relativistic regime, a0 ￿ 1, the motion is predominantly longitudinal.
The two terms in the x-component of equation 2.33 shows that the electron motion
comprises of a constant drift and an oscillatory motion. If we move to a frame,
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that is moving at the drift velocity, the oscillatory motion of the electron describes
a figure-of-eight motion. Figure 2.3 show the trajectory of the electron in the drift
frame. As in the relativistic regime, the intensity of the laser increases above the
threshold of 1018 Wcm−2, for a laser wavelength of 1 µm. The velocity of the electron
approaches the speed of light and its motion is no longer free from the influence of
the magnetic field of the laser. The electron performs harmonic oscillations about a
guiding centre.
The parallel drift of an electron in the electromagnetic field along the x direction
was first noted by Brown and Kibble in 1965 [36]. The motion of the electron for
arbitrary polarised fields can be found in [37].
vd
c
=
a20
a20 + 4
(2.35)
2.4.1 Ponderomotive Force
In a laser-plasma interaction, the light beam is usually focused down to a dimension
of the order of a few microns such that it is comparable to the displacement due
to the electron quiver motion. The electron is thus unable to return to its starting
position over the first and second half of the laser cycle due to gradient of intensity.
This change in electron energy can be described by the concept of the ponderomotive
force [38]. This force is a result of the oscillation of the particles in a laser field with
spatial dependence (i.e. a peak in intensity on axis, as is typical of focused laser
spots, or finite pulse length).
Over a number of these oscillations the electrons will see a net force, which
moves them away from the regions of highest intensity and the electron will thusgain
energy [39], [40]. To derive an expression for the resulting force [41] ,we expand the
electric field about r0 in displacement δr;
E = Es(r) cos(ωt) (2.36)
E(r) = [Es(r0)] + (δr1.￿)Es(r0)|r0 + .......] cos(ωt) = E1 + E2 + ...... (2.37)
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where Es(r) is the envelope and the cosine contains the oscillation at the laser
frequency. The wave equation gives ∂B/∂t = −c(￿ × E) so that B1 = [￿ ×
Es(r0)] sin(ωt)] and similarly for higher orders. Now to first order in velocity, the
motion of an electron in the oscillating electric field is simply
m
dv1
dt
= −eE1 (2.38)
v1 = − e
mω
Es(r0) sin(ωt) (2.39)
δr1 = − e
mω2
Es(r0) cos(ωt) (2.40)
where v1 the velocity, and δr the displacement. To second order, there is a v1 ×B1
contribution as well as an electric field E2. We average the motion over a laser
period to obtain the “slow” motion and hence the second order approximation of
equation (2.37), which gives the ponderomotive force,
m
dv2
dt
= −e[E2 + v1 ×B1] = −e[(δr1.￿)E + v1 ×B1] (2.41)
Inserting equations equations (2.39, 2.40) into equation (2.41) gives the expression
fp = ￿mdv2
dt
￿ = −1
2
e2
mω2
[(Es.￿)Es + Es × (￿× Es)] (2.42)
fp = − e
2
4mω2
￿ E2s(r) = −
mc2￿ a20(r)
4
(2.43)
Here we have used, the identity Es × (￿ × Es) = 12 ￿ E2s − Es.￿ Es , where the
extra factor of 1/2 results from averaging of cos2(ωt) over the laser period. The
wave equation has been used to substitute for B. The normalised vector potential
a0 has been used in the last step, as described in equation (2.29)
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The ponderomotive force expels electrons from regions of high laser intensity, and
the result is that plasma density is depressed following the passage of an intense laser
pulse. The ponderomotive force is stronger for electrons than for ions because of
the smaller oscillations in the laser field experienced by ions due to their larger mass
((m/M)2 ≈ 106 , where M is the ion mass.) and the resulting smaller displacement.
This means that the ions are not influenced directly by the ponderomotive force for
our laser parameters.
2.4.2 The ponderomotive force in the relativistic regime
So far it was assumed that the super intense laser field was a plane wave. In the
case of a relativistic laser pulse, when irradiances exceed Iλ2 ≈ 1018( Wcm−2), an
electron will be expelled from high intensity regime to lower intensity regime in a
similar way as in the non-relativistic case. A generalised relativistic ponderomotive
force was derived by Bauer et al., [42], Quesnel and Mora [38], and is given by
Fp = − e
2
4γω2me
￿ E20 (2.44)
where γ is the local relativistic factor 3 in a linearly polarised wave according to
γ =
￿
1 +
a20
2
(2.45)
where we have used p = a0mc in equation 2.21. The relativistic ponderomotive force
is responsible for the average electron motion observed in the laboratory frame, can
be written as the negative gradient of a relativistic ponderomotive potential
fp = < −￿ Up >= −mc
2
4γ
￿ a20 (2.46)
where Up = mec2a20/4. Quesnel and Mora have also shown using 3D-simulations,
that in the relativistic case the electrons are pushed isotropically out of focus.
3For linear polarisation γ =
￿
1 + a
2
0
2 and for circular polarisation γ =
￿
1 + a20
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2.5 Plasma Refractive Index and Laser Propaga-
tion
For the electromagnetic wave the plasma behaves like a dielectric medium in which
the dispersion relation is
ω2 = ω2pe + k
2c2 (2.47)
where ωpe is the plasma frequency. In an under-dense plasma, electron plasma
frequency ωpe is smaller than the frequency of the electromagnetic wave ω, so
η =
ck
ω
=
￿
1− ω
2
pe
ω2
￿1/2
(2.48)
η =
￿
1− ne
ncr
￿1/2
(2.49)
where ne is the electron density and ncr is the critical density
ncr =
1.1× 1021
λ(µm)2
cm−3 (2.50)
In the relativistic regime, when the velocity of electrons accelerated by the E-field
approaches close to the speed of light c, the electron mass is eﬀectively increased to
m = γm0. Due to this, the plasma frequency becomes
ω
￿2
pe =
ω2pe
γ
(2.51)
The critical density is increased,
n
￿
cr = ncr
￿
1 +
a20
2
(2.52)
and the laser beam can propagate further into the overdense plasma. Propagation
in the range ω
￿2
pe < ω < ωpe is thus only made possible by the relativistic eﬀects.
This eﬀect is called “relativistic induced transparency” [43], [44].
The relativistic interaction in the underdense regime is aﬀected by the relativistic
dependence on plasma frequency; as demonstrated by the refractive index
η =
￿
1− ω
2
pe
γω2
(2.53)
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η is a maximum on the beam axis for a radial intensity profile which satisfies the
condition a0(0) > a0(r). This induces a curve of the wave front which, in its turn,
causes the convergence of the beam. If this focusing eﬀect overcomes diﬀraction,
the pulse can be propagated in a collimated way in underdense plasmas over longer
distances than the Rayleigh length [45]. This mechanism is refered to as “relativistic
self-focusing” [46], [47].
2.5.1 Critical power of self focusing
Here we consider the non-linear response of an underdense plasma to a propagating
high intensity laser pulse [37]. Consider a gaussian laser beam with radial profile
a(r) = a0 exp(−r2/2σ20) at focus, where r is in the radial direction. Assuming there
are no non-linear corrections, a laser beam focused on the edge of an underdense
plasma will diﬀract as shown in figure (2.5) by a divergence angle ‘θ’ given by
θ =
dR
dZ
=
σ0
ZR
=
1
kσ0
(2.54)
where ZR is the Rayleigh length (half the confocal parameter) defined as
ZR =
2πσ20
λ
(2.55)
At higher intensities, the dispersion relation of the wave is altered due to mass
increase of the electrons, as is given by equation 2.51. So, the relativistic refractive
index necessarily changes, and is given by
η(r) =
ck
ω
=
￿
1− ω
2
p
ω20 (1 + a(r)
2/2)1/2
≈ 1− ω
2
p
2ω20γ(r)
(2.56)
The intensity variations for a gaussian beam with a profile a(r) lead to an on-
axis maximum in the refractive index because dη/dr < 0. The phase velocity vph(r)
of the wave passing through the focusing medium described by equation 2.56 , can
be approximated thus
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Phase Front
Avph(r)
Figure 2.4: Phase front bending due to mass drag eﬀects
1
η
=
vph
c
≈
￿
1− ω
2
p
2ω0γ(r)
￿−1
(2.57)
=
￿
1 +
ω2p
2ω0γ(r)
￿
(2.58)
By using equation 2.107 for γ, this becomes
vph
c
≈ 1 + ω
2
p
2ω0
￿
1− a
2(r)
4
￿
(2.59)
The beam profile as shown in figure 2.4, will travel more slowly at the centre than
at the edge, given the velocity diﬀerence:
￿vph
c
=
ω2pa
2
0
8ω
exp
￿−r2/σ20￿ (2.60)
This curvature in the phase front causes the rays to bend. Hence the maximum
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path diﬀerence traversed by the laser pulse ￿L is given by
￿L = |￿vph|maxt = |￿vph|maxZ
c
= αR (2.61)
Thus the maximum focusing angle of the beam is given by
α2 =
ω2pa
2
0
8ω
(2.62)
It can therefore be shown that beam spreading due to diﬀracting (defocusing)
can be balanced by relativistic self-focusing if θ = α and using k = ω0/c , we obtain
￿
1
kσ0
￿2
=
￿
(
σ0
ZR
￿2
(2.63)
ω2pa
2
0
8ω20
=
4c2
ω20σ
2
0
(2.64)
or
a20
￿ωpσ0
c
￿2 ≤ 8 (2.65)
From equation 2.59, we noticed the dependence of a20σ
2
0 on the beam power. The
expression c for the beam power PL in watts is
PL =
￿
S
Id2r (2.66)
= πc￿0
￿ ∞
S
E2(r)rdr (2.67)
where a = eE/mωc , above equation can be written as,
PL =
πc3￿0m2eω
2
0a
2
0σ
2
0
4e2
(2.68)
Hence equation2.65 is proportional to laser power PL, and putting the result in
equation 2.68, we obtain;
PL ≥ 8π￿0m
2
ec
5
e2
ω20
ω2p
(2.69)
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Figure 2.5: The eﬀect of (a) diﬀraction and (b) self focusing during the interaction
between a high intensity laser and an under dense plasma.
Evaluating this, the threshold power for relativistic self-focusing is then given by
Pc ≈ 17.4
￿ω0
ωp
￿2
GW = 17.4
￿ncr
ne
￿
GW (2.70)
The expulsion of electrons from the regions of highest intensity decreases the
refractive index, which can reduce the local density on the axis of laser propagation.
This process is known as ponderomotive self-focusing. This self-focusing allows the
laser pulse to maintain high intensities over extended propagation lengths before
defocusing by reducing the laser waist to below that which can be achieved in vacuum
alone. When self-focusing eﬀects balances natural diﬀraction (defocusing), the laser
beam is able to channel distances of many Rayleigh lengths and self guide the laser
pulse. This is particularly important for high energy on-axis electron acceleration
by increasing the interaction length [48].
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2.6 Parametric instabilities
When a high intensity laser beam propagates in an underdense plasma, electron
plasma waves and ion acoustic waves can be easily excited by the ponderomotive
force which leads to density perturbations. Such waves can couple to the incident
electromagnetic wave, if the frequency and wavenumber satisfy the dispersion rela-
tion of electrostatic waves (electron plasma waves and / or ion acoustic waves) in
plasma. In some cases this feedback is positive and leads to large growth rate of
scattered E-M waves at the expense of the pump wave. The most important insta-
bilities commonly encountered are the stimulated Raman scattering (SRS) and the
stimulated Brillouin scattering (SBS) instability [49].
2.6.1 Stimulated Raman Scattering(SRS)
The most commonly encountered instability in laser-plasma interaction is stimulated
Raman scattering (SRS). This instability involves the decay of a strong electromag-
netic wave into a plasma wave (ωp, kp) and a scattered electromagnetic wave (ωs, ks).
Alternatively, it is the decay of a laser photon into a scattered photon and an electron
plasma wave (plasmon). The matching conditions for SRS are [49];
ω0 = ωs + ωp (2.71)
k0 = ks + kp (2.72)
where k0, ks and kp are the incident light, scattered light and plasma wave
numbers respectively.
2.6.2 Growth rates of SRS Instability
To calculate the growth rates of the SRS, we will consider first an electromagnetic
wave propagating through a plasma with a uniform density and temperture [41].
We can express the vector potential A and the electrostatic potential φ by using the
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relations
B = ∇×A (2.73)
E =
1
c
∂A
∂t
−∇φ (2.74)
Using these we can start with Ampere’s law
∇×B = 4π
c
J+
∂E
∂t
(2.75)
Substituting E and B and rewrite as a function of A and φ
￿
1
c2
∂2
∂t2
−∇2
￿
A =
4π
c
J− 1
c
∂
∂t
∇φ (2.76)
where J is current density. Here, we can separate J into two components, transverse
Jt component (associated with the light waves) and longitudinal components Jl
(associated with electrostatic plasma wave) respectively. We now can use Poisson’s
equation and the continuity equation
∇2φ = 4πρ (2.77)
￿.J+ ∂ρ
∂t
= 0 (2.78)
where ρ is the charge density. Taking the time derivative of 2.77 and substituting
in 2.78, and also assuming ∇.Jt = 0, we obtain
￿
1
c2
∂2
∂t2
−∇2
￿
A =
4π
c
Jt (2.79)
we can express transverse current Jt = neev, here v is the oscillation velocity
of an electron in the electric field and ne is the electron density. When v ￿ c then
v = ea/mc, we can substitute Jt in equation 2.79 to obtain wave equation in a
plasma
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￿
∂2
∂t2
− c2∇2
￿
a =
nee2
￿0me
A = ω2pea (2.80)
which,when Fourier analysed, gives the dispersion equation
ω2 = c2k2 + ω2pe (2.81)
To calculate the growth rate for Raman scattering, we assume a small perturba-
tion n˜ in the density which gives rise to a scattered field a. This small density in
ne, can be determined by linearising equation 2.80, Substituting ne = n0 + n˜ and
a = a0 + a˜ in equation 2.80, where n0 is the uniform background density, we then
obtain,
(c2∇2 − ∂
2
∂t2
− ω2pe)a˜ =
e2
me￿0
n˜A (2.82)
The expression for the electron density fluctuation n˜ can be derived from the
fluid momentum equation,
∂vL
∂t
= −c2∇φ− 1
2
∇￿vL + a￿2 − ∇p
men0
(2.83)
where vL represents the longitudinal velocity component. Linearising again 2.83,
we take vL = v˜, ne = n0+ n˜, a = a0+ a˜ and φ = φ˜. Using the adiabatic equation of
state, ∇p = 3mev2th∇ne, where vth = (kBTe/m)1/2 is the electron thermal velocity.,
we obtain,
∂v˜L
∂t
= −c2∇φ˜−∇(a0.a˜)2 − 3v
2
th
n0
∇n˜ (2.84)
But we have from the linearised continuity equation and Poissons equation,
∂n˜
∂t
+ n0∇.v˜ = 0 (2.85)
￿2φ˜ = − e
￿0
n˜ (2.86)
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To eliminate v˜ and φ˜ from the above equations,we take the divergence of equation
(2.84) and time derivative of continuity equation (2.85) to obtain an equation for n˜,
￿ ∂2
∂t2
+ ω2pe − 3v2th￿2
￿
n˜ = n0￿2 (a0.a˜) (2.87)
Equation (2.87) is a wave equation for a˜, which can be driven by spatial modula-
tions in intensity due to “beating” between a0 and a˜, the driving and scattered wave.
Equation (2.82) then demonstrates the consequence of the density modulations on
the growth of a˜ (the scattered component). By Fourier analysis of equation 2.87,
i.e., assuming n˜ = n˜(ω, k) exp ι(kx− ωt) and a˜ = a˜0(ω±, k±) exp ι(k±x− ω±t)
D(ω + ω0,k+ k0)a˜(ω + ω0,k+ k0) +D(ω − ω0,k− k0)a˜(k− k0,ω − ω0)
=
2e2
me￿0
n˜(ω,k)a0(ω0,k0) (2.88)
where D(ω, k) = ω2−k2c2−ω2pe. From above equation, we can see that the laser
and the plasma wave couple to produce side-bands in the electromagnetic spectrum
at (ω + ω0,k+ k) and (ω − ω0,k− k).
Inserting these side-bands into 2.82, we obtain
(ω2 − ω2BG)n˜(ω,k) =
k2n0
2
a0(k0,ω0).a˜(ω ± ω0,k,k0) (2.89)
ω2BG = ω
2
pe + 3k
2v2th is the Bohm-Gross frequency and the dispersion relation for
Raman scattering can be written as
ω2 − ω2BG =
ω2pek
2a20
4
￿ 1
D(ω − ω0,k− k0)+
1
D(ω + ω0,k+ k0)
￿
(2.90)
A side-band is resonant when D → 0. For forward scattering, the mismatch between
D+ and D− is small, so that both the Stokes and anti-Stokes side-bands may be
present at the same time. If this is the case, the following relation is true
D± = (ω ± ω0)2 + c2(k± 0)2 − ω2pe ≈ 0(2.91)
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For D(ω0,k) = 0
D± = ω2 ± 2ωω0 − c2k2 ∓ 2c2k.k0 (2.92)
For a low density plasma ω ￿ ω0 and for a forward-scattered plasma wave
k ￿ k0, we have two roots of the above equation
D+ +D− = 2(ω2 − c2k2) (2.93)
D+D− ≈ 4[ω2ω20 − c4(k.k0)2] (2.94)
A growing wave has a complex frequency, we therefore put ω → ωp + ιζ, where Υ
is the growth rate of the plasma wave. If k.k0 = kk0 and k ≈ ωp/c, then wave is
propagating parallel to the incident beam.
To calculate the growth rate of the forward Raman scattering instability, substi-
tute equation (2.93) and equation(2.94) in to equation(2.90), we to obtain
Υ =
a0ω2pe
2
√
2cω0
(2.95)
2.6.3 The quasi-static approximation
It can often be useful to take a frame of reference (nearly) co-moving with the laser
at c ≈ vg. Hence we transform ξ = z − ct, τ = t and equation (2.87) can be written
as
￿
∂2
∂ξ2
+ k2p
￿
n˜e
n0
=
￿
￿2 + ∂
2
∂ξ2
￿
a2
4
(2.96)
This equation is that of a driven harmonic oscillation, with n˜/n0 as the oscillation
variable The Greens function solution for such an oscillator is [11].
n˜e
n0
=
1
ωpe
￿ t
∞
sin(ωpe(t− t￿))￿2 c
2a2(r, t
￿)
4
dt
￿
(2.97)
Using equation (2.86) to relate density to electric field and potential, the solutions
for these equation in terms of Φ and Ez are
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φ =
mc2ωpe
4e
￿ t
∞
sin(ωpe(t− t￿))a2(r, t￿)dt￿ (2.98)
Ez =
mc2ωpe
4e
￿ t
∞
sin(ωpe(t− t￿))￿2 a2(r, t￿)dt￿ (2.99)
The solutions for these equations are obtained by integrating over the laser pulse
shape.
Let us consider a specific example of a sine pulse with amplitude given by
a(ξ) = a0 sin
￿πξ
ξL
￿
, 0 ￿ ξ/ξL ￿ π (2.100)
Here we find that the largest plasma response is obtained for a pulse length
ξL = cτL = λp, and the plasma wave electric field behind the laser pulse is then:
Ez
E0
= −πa
2
0
8
cos(kpξ) (2.101)
and the density perturbation can be expressed as
n˜e
n0
= −πa
2
0
8
sin(kpξ) (2.102)
Analytic solution for the wake in the non-linear case (a0 > 1), where the wake
is a large perturbation, is available only for a few cases. For a square laser pulse
profile, this has been calculated,
E2z,max
E20
≈ 2a
2
0
(1 + βp)
(2.103)
for a20 > 1 and a
2
0 ￿ γ2pβ2p for circular polarisation [50,51].
For linear polarisation we can replace a20 in the solution with a
2
0/2. Analytic
solutions are not available for the multidimensional non-linear regime. Hence nu-
merical simulations are used to obtain the plasma response and particle behaviour.
Even such simulations do not fully explain the behaviour of experiments due to
the highly non-linear and multi dimensional nature of the interaction. The linear
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and one-dimensional non-linear theory, however provide a useful general guide to
interpret the data from experiments.
In the case of arbitrary pulse length aL, we can write equation 2.82 in this form
(c2￿2 − ∂
2
∂t2
− ω2pe)a˜ =
e2
me￿0
n˜eaL (2.104)
By using Fourier analysis, we can write above equation
a˜ = −4πe
2n˜e
me
aL
ω2pe
(2.105)
where a˜ can be write down in the form of growth rate Υ
a˜ = a0(t) exp(−Υt) (2.106)
where Υ is the growth rate defined in equation 2.95. By using quasi-static approxi-
mation, we have
a˜ = a0(ξ) exp(Υξ/c) (2.107)
Taking first the log and integrating equation 2.107, we obtain
ln
￿￿a˜|t − ln |a˜|π/ξL = 1c
￿ ξ
0
Υdξ (2.108)
where
Υ =
a0ω2pe
2
√
2cω0
(2.109)
Also
a(ξ) = a0 sin
￿
πξ
ξL
￿
(2.110)
By using above relations in equation 2.108, we obtain
|a˜|t = exp
￿
ξL
πc
√
2
4
ω2pe
ω0
a0
￿
1− cos
￿
πξ
ξL
￿￿￿
(2.111)
From equation 2.105 and equation 2.112, we can write down
aL = −4πe
2n˜e
me
1
ω2pe
exp
￿
ξL
πc
√
2
4
ω2pe
ω0
a0
￿
1− cos
￿
πξ
ξL
￿￿￿
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where n˜e is defined in equation 2.102, ξL = cτ is the laser pulse length, ω = 2πc/λ
is the laser frequency and ω2pe is the plasma frequency.
The above expression gives the amplitude of the laser wakefield driven by a pulse
length of arbitrary length, and can be used to calculate the source term from which
SRS can grow in the long pulse case.
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Chapter 3
Laser systems and optical
diagnostics
This chapter describes the laser systems used to carry out the experiments de-
tailed in this thesis. These experiments were performed an the VULCAN-TAP
and VULCAN-WEST laser facilities at the Rutherford Appleton Laboratory, UK
in 2009. A brief overview of the Vulcan laser system is presented. This chapter also
discuss the detailed descriptions of optical diagnostics which were used to measure
primary data in the thesis. Some discussion of the methods of data analysis will
also be included in this section.
3.1 Vulcan-High Power Laser Systems
The CLF hosts two high power laser systems, VULCAN, a Nd:Glass laser with
wavelength 1054 nm and ASTRA, a Ti:Sapphire laser with wavelength 800nm. The
Vulcan laser system has three diﬀerent target areas target Area Petawatt (TAP),
Target Area West (TAW) and Target Area East (TAE) as shown in figure 5.11.
Only Target Area Petawatt and Target Area West were used for the experiments
1www.clf.rl.ac.uk
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discussed, and will be described here.
Vulcan is a versatile high power laser system, currently having 8 beam lines. Two
of these beam lines can be operated in either long or short mode, the rest operate in
long pulse mode. The short and long pulse beams can be operated together and can
!"#$%&'(#%"')"*&'+)(,!-'
'!"#$%&'(#%"'.%&"/"0'+!(.-'
!#"#$%&'(#%"'1%*&'+!(1-'
Figure 3.1: Vulcan Target Areas
be directed to three diﬀerent targeted areas for experiments as mentioned above.
Vulcan delivers a short petawatt pulse (500 J in 500 fs) and a long pulse (200 J
in 1 ns) into TAP. Target Area West (TAW), operates with two short pulse beams
(100 J in ≤ 1 ps, 100 J in 30 ps) and six long pulse beams (200 J in 1 ns). TAW
has recently undergone an upgrade, adding a second high energy short pulse beam,
delivering 30 J in 10 ps.
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3.1.1 Chirped pulse amplification
Optical chirped pulse amplification (CPA) was invented by Donna Strickland and
Gerard Mourou at the University of Rochester in the mid 1980s [52]. It is a technique
for amplifying pulses to very high optical intensities by avoiding excessive nonlinear
pulse distortions or optical damage. The technique of chirped-pulse amplification is
based on the construction of table-top amplifiers. In this method a low power an
ultrashort laser pulse is stretched in time before being sent into the gain medium.
The stretcher consists of a pair of anti-parallel gratings. As a result, the low fre-
quency component of the laser pulse travels a shorter path as compared to the high
frequency component. After passing through this stretcher (grating pair), the laser
pulse becomes positively chirped, which means that the high frequency components
lag behind the low frequency components, and the pulse has a longer pulse duration
than the original pulse. The intensity of the stretched pulse, is suﬃciently low as
compared with the damage threshold of the amplifying medium due to stretching,
and this can thus be safely introduced to the gain medium and amplified. After
being amplified to the required energy, the beam may still require telescoping up
in size. The amplified laser pulse is re-compressed back to the original pulse width
through a reversal of the stretching process, in Vulcan is single pass compressor.
In this method high energy is produced in short time scale. This method can thus
achieve high magnitude of peak power for a given laser systems, than would have
been generated before CPA.
3.1.2 Optical parametric chirped pulse amplification
The CPA concept is also applied to optical parametric amplifiers, and is then called
optical parametric chirped-pulse amplification (OPCPA). As in Vulcan, usually in
CPA the amplified pulses become reduced in bandwidth due to the non-linear gain
as a function of frequency is gain narrowing process. This limits the minimum pulse
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length and thus maximum power intensity that can be achieved. To overcome this
requires an amplifier which has a very high gain bandwidth with high energy. This
is provided by the optical parametric amplification (OPA) technique, which thus
provides a way to amplify a larger bandwidth [53]. OPCPA is used in the front end
of vulcan now to be able to amplify pulses with pulse length < 500 fs.
3.2 Experimental diagnostics
The plasma produced by laser beam was characterised by an array of diagnostics
that are typically used during high power laser experiments. This required the design
and implementation of optical diagnostics by using probe beams. In this section,
these probing diagnostics are described.
3.3 Optical probing
Optical probing, uses an external collimated laser beam to study the electron density
gradients in plasmas from diﬀerent targets. The probe beam may be a separately
amplified beam or can be split from the existing interaction beam. In the course of
the experiments, both type of probe beams were designed and implemented.
3.3.1 Shadowgraphy
Shadowgraphy is often used as a method for investigating the time resolved spatial
properties (refractive index) of laser generated plasmas. In its most simple form it
has a simple experimental layout that does not need any imaging optics between
plasma slab and detecting plane, as shown in figure 3.2. In this method , intensity
variations occurs when the introduced probe beam is deviated from a plasma slab
due to refraction. A probe beam that passes through a plasma will be refractive
transverse due to the variation of the refractive index of plasma. Let us consider
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that the probe beam is deflected by an angle θ in the the y direction having path
length dl, where η is the refractive index of plasma.
θ =
d
dy
￿
η dl (3.1)
A ray that is initially at the position (x, y) causes refraction in the image plane to
be moved to the position (x1, y1) on the detecting plane. For a distance L between
the plasma and the detector, this deviation is given by
(x1, y1) =
￿
x+ L
d
dx
￿ ￿
ηdl
￿
, y + L
d
dy
￿ ￿
ηdl
￿￿
(3.2)
If the initial beam is of uniform intensity Iin, then the detected plane intensity Idet
is given by
Idetdx1dy1 = Iindxdy (3.3)
Conservation of energy indicates that the ratio of the initial intensity of probe
light to that at the detector plane is given by
Iin
Idet
= 1 + L
￿ d2
dx2
+
d2
dy2
￿￿ ￿
ηdl
￿
(3.4)
￿Idet
I
= L
￿ d2
dx2
+
d2
dy2
￿￿ ￿
ηdl
￿
(3.5)
For the case of only small fractional variations in the intensity, the signal is directly
related to the second spatial derivative of the refractive index [54]. Thus, inho-
mogenities in the plasma will show up as dark and light regions on the detecting
screen. If the beam passes through a region where the plasma depth is minimum
then plasma will act as a convex lens and will show bright patch on the screen as
shown in figure 3.2. Conversely, if beam passes through a region where the plasma
depth is maximum it will act as a concave lens and refract out the light and will
produce dark region on the screen. Sometimes in experiments, a lens is used to
project the image onto the camera. In that case, extra care must be taken with the
position and size of the lens, so that plasma doesn’t refract too much light, which
can be responsible for losing information about plasma.
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Plasma Slab
Detecting Plane
Imaging probe
Bright spot
Dark spot
Figure 3.2: Schematics of the shadowgraphy diagnostic
3.3.2 Interferometry
Interferometry is widely used to study variations of fluid flow, heat transfer, diﬀusion
and the refractive index of plasmas [54]. The two most commonly used interferome-
ters in plasma experiments are the Mach-Zehnder interferometer and the Normarski
interferometer. Fundamentally, an interferometer is a device in which two or more
two beams are allowed to interfere [54]. A typical setup for the Mach- Zehnder in-
terferometry is shown schematically in figure 3.3. The Mach-Zehnder interferometer
has as the advantage that the separation of two beams can be widely spaced which
allows for easy positioning of optics but has disadvantage in requiring equal path
lengths within pulse length or coherence time. The Mach-Zehnder uses 2 mirrors
and 2 beam-splitters to provide separate probing and reference beams. One of the
probe beams passes through the plasma which introduce a phase shift, while the
second beam does not pass through it and acts as a reference. When these two
beams are recombined, an interference pattern is produced that is the line integral
of the refractive index along the path taken through the plasma. Let us consider
two monochromatic beams having electric field of magnitude E1 and E2 that diﬀer
by some phase diﬀerence φ. They combine to give a total field Et,
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Plasma
Mirror
Output Beam
Beamsplitter
Beam 1 passing through plasma
Beam In
Beam 2
Figure 3.3: Schematics of the Mach-Zehnder interferometer
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Figure 3.4: Variation in (power) output signal of a beam interferometer with relative
phase
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Et = [E1 + E2 exp(iφ)] exp(iωt) (3.6)
The output detected intensity (power) therefore includes a constant component and
a component that varies as cos(φ), as shown schematically in figure 3.4
|Et|2 = [E21 + E22 ]
￿
1 +
2E1E2
E21 + E
2
2
cos(φ)
￿
(3.7)
Consider that we want to measure the refractive index of plasma by using Mach-
Zehnder interferometer. Here we want to compare the phases of two beams with
almost equal paths but one of them is forced to pass through the plasma having
refractive index η(x, y). The diﬀerence will be
￿φ(y0) =
￿ xb
xa
(η − 1)ω
c
dx (3.8)
If the plasma density is suﬃciently small ne(r) ￿ ncr , the refractive index η of
plasma is given by;
η(r) ∼= 1− ne(r)
2ncr
(3.9)
Hence using the above definition, we can rewrite equation 3.8
￿φ(y0) = − ω
2cncr
￿ R
y0
ne(r)r
(r2 − y20)1/2
dr (3.10)
where ncr is called cutoﬀ density, ω is the angular frequency of the probe laser beam
and ne is the electron density in cm−3. This results assumes concentric and circular
contours of refractive index as shown in figure 3.6. Thus the refractive index of the
plasma can be measured from the phase shift from an interferogram, through the
following Abel inversion.
ne(r) =
2ncrc
ω
￿ R
r
d[￿φ]
dy
dy
(y2 − r2)1/2 (3.11)
3.3.3 The Nomarski Interferometer
The interferometer used in the TAP experiment was based on the Normarski inter-
ferometer [55] which uses a Wollaston prism as shown in figure 3.5. The Wollaston is
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a special type of polariser that deviates both vertical and horizontal polarisation by
the same amount and thus acts as a beam splitter. An image on to a CCD camera
by using a single lens imaging system. A Wollaston prism is placed between the
Poleriser 1 Poleriser2
Lens
Target
Wollaston Prism
p q Image plane
Figure 3.5: Normarski Interferometer setup for measuring plasma densities
imaging lens and the detector plane and creates two orthogonal polarised images.
The polariser is set to 45◦ with respect to both beams, producing two images of
the same intensity and polarisation in the image plane. These images are detected
at the image plane where interference is achieved by using a polariser. Interference
of two beams occurs where these two beams overlap producing an interferograms
on CCD cameras. The fringe spacing ￿d of the interferograms can be changed by
adjusting the spacing between imaging lens and Wollaston, and it as defined by
￿d = p
q
λ
￿
(3.12)
where λ is the probe wavelength, ￿ the prism aperture, p is the separation distance
between Wollaston prism and focusing lens and q is the distance between prism and
detector plane.
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3.4 IDEA: Fringe Shift Analysis
In order to extract useful quantitative electron density data from interferograms,
a computer program was used which analyses the fringe shifts present in the im-
ages. The computer program used was IDEA (Interferometric Data Evaluation
Probe beam
Probe beam
Plasma
y
r
R
ne(r)
xa xb
y0
Figure 3.6: Geometry of Abel inversion for cylindrically symmetric electron density
distribution ne(r)
Algorithms), an interferometry analysis program developed by the Technical Uni-
versity of Graz, Austria 2, which is suitable for analysing interferograms such as
those produced in our experiment. This process is very straightforward. The in-
terferograms captured by CCD camera was compared with reference images taken
without a gas jet /plasma. First, the phase shift distribution is obtained by using
the two dimensional fast Fourier transformation (2D FFT). Then 2π phase data is
unwrapped by using the discrete Fourier transformation (DCT). Finally, the un-
2IDEA - Interferometric Data Evaluation Algorithms: Computer program for fringe analysis
from Institute for Thermal Turbo machinery and Machine Dynamics, Technical University Graz ,
Austria.
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wrapped phase shift data is use to give electron density by Abel inversion method
as shown in figure 3.6.
3.5 Electron diagnostics
This section describes the electron spectrometer that was used in the experiment
described in chapters 5 , and explains how both the energy and number of electrons
detected are calibrated.
3.5.1 Spectrometer
The electron spectrometer is usually situated along the laser axis. Figure 3.7 shows
a schematic of the electron spectrometer used in the experiment described in this
thesis. When the accelerated electrons pass through a magnetic field region of the
spectrometer, the acting Lorentz force deflects the electrons away from their axis of
propagation, i.e.,
dp
dt
=
q
γme
p×B (3.13)
In the following, we assume that the electron is travelling in the zˆ direction and the
magnetic field is along the yˆ direction. The uniform magnetic field within a circular
region of radius rb and having zero field outside this region is given by
By(r) = Bmaxˆy r ￿ rb = 0 r > rb (3.14)
There is an analytical solution for the angular deflection of electrons passing through
this field. The electron trajectory and the magnetic field position used in this
calculation is shown in figure 3.7. The path of a relativistic electron within the
magnetic field is the Larmor orbit in the (zˆ− xˆ) plane having a radius given by
rL =
|p|
eBmax
(3.15)
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Electron Trajectory
O
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Β
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Figure 3.7: Trajectory of an electron passing through on-axis magnetic spectrometer
(tophat profile). The small circle represents the magnetic field region,
radius rb. The circumference of the larger circle represents the Larmor
orbit of the electron, radius rL.
By considering similar triangles (OBA and OBC), we can see that that the angle of
deflection θ is related to the angle α is given by
2α+ θ = π (3.16)
Since the angle α is related to the magnetic field radius rb and the Larmor radius
rL, it can be written as
tanα =
rL
rb
(3.17)
It follows that the angular deflection of an electron with momentum |p| is
tan
θ
2
=
rb
rL
(3.18)
=
erbBmax
|p| (3.19)
The magnetic field is induced by a current running through coils around the two
circular pole pieces as shown in figure 3.8. These pole pieces are separated by
a variable distance. A yoke surrounding the coils prevents unwanted fringe fields
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Figure 3.8: Schematic of electron spectrometer
which would reduce the dispersion of the magnet due to regions of field with reversed
polarity. The electron spectrometer used in experiment described in this thesis is the
electron spectrometer pictured in figure3.8. It uses an electromagnet manufactured
by AML Inc. with pole pieces of diameter 152.4 mm, and 101.6 mm pole caps. The
gap between the pole pieces is set to 50 mm.
A tracking code written in Matlab was used to convert the electron spectra from the
image plate data. Before it was used for data analysis it was tested and compared
to the analytical solution by S. Nagel 3.
3.5.2 Other Diagnostics
The other diagnostics results which discussed in this thesis are transmitted spectra
and proton probing. The optical signal collected by the first collimating lens was
focused on a Bentham spectrometer. The grating inside the spectrometer had 150
lines/mm and when coupled to a 16-bit CCD Andor camera (1024 × 256 pixels)
could record wavelengths in the range [468, 1054] nm. It should be noted that the
3Studies of Electron Acceleration Mechanisms in Relativistic Laser-Plasma Interactions by Sab-
rina Roswitha Nagel
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sensitivity of the Andor falls exponentially for wavelengths ≥ 1100 nm. The central
wavelength of the laser pulse was 836 nm. The spectra have been optically corrected
with the use of a white light source of known wavelength intensity emission.
The protons produced in laser plasma interactions be used to diagnose laser plasma
interactions. This method is known as proton probing or proton radiography [56]. It
has been successfully used for time resolved studies of the generation of electric and
magnetic fields in the laser plasma interaction on a ps timescale [57], [58]. These
include the sheath electric fields at the rear of the target [59], the late time ion
structures in the wake of the high intensity laser propagating through an underdense
plasma [60] and self-generated magnetic fields around laser focal spots [61].
Chapter 4
Gas jet characterisation
4.1 Introduction
This chapter gives a study of gas flows using diﬀerent supersonic nozzles used in
experiments discussed later. One of the most versatile target for laser plasma inter-
actions is the use of gas jets. These gas jets are used to create a suitable density
interaction media in the field of laser plasma interactions. It has a great importance
in areas such as particle acceleration [62], x-rays lasers [63], high harmonic genera-
tion [64], plasma channeling [65], [19] and atomic physics.
For the experiments in laser interactions with underdense (ne < nc) plasma regime,
the target material must be gaseous. Gaseous targets as an alternative to solid
targets present some interesting advantages. For example, when thin foil targets ir-
radiated by a laser , it is heated and explodes symmetrically. The density decreases
rapidly from solid density to the subcritical desired density, giving parabolic density
profile.
When plasma is creating by using gas jet, the desired density is achieved by choos-
ing the initial gas pressure. Hence the density of gas targets can easily be modified,
which is usually not straightforward with solids. By suitably shaping the gas noz-
zle, a relatively uniform density underdense plasma can be created. Additionally,
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gases can be resistant to prepulse than solids. Hence gas targets are less prone to
unwanted target expansion due to prepulses. Finally gas jets can easily be operated
at high repitation rate as compared to some solid targets.
Thus this chapter describes characterisation of gas targets that will be of relevance
to the experiments detailed later. The chapter is split into three sections. The first
deals with the general physics of the gas flow and nozzle design. The second section
discusses the setup of gas jet characterisation using Mach-Zehnder interferometer
with diﬀerent gas nozzles. The final section will discuss the analysis and results
from the experiment.
4.2 The gas target design
Typically a gas target consists of a reservoir of a gas under high pressure, an elec-
trically controlled valve and a nozzle close to the laser focus. If the valve is fired, a
gas flow driven by the backing pressure of the reservoir into the target chamber is
triggered. As soon as a steady-state flow has developed, the laser is fired into the
gas which exits at the nozzle and expands into vacuum. Locally, gas densities of up
to few 1026 particles per m−3 can be produced in the vacuum vessel [65], [66]. The
density profile of the jet can be figured by the nozzle geometry. The density drops
exponentially along the flow direction with increasing distance from the orifice. In
the perpendicular direction, the profile has a gaussian shape which is use to increases
in width away from the nozzle exit if unshaped nozzles are used. The disadvantage
of this geometry is clearly the inhomogeneity of the density profile. In addition, if a
high intensity laser pulse is focused into the gas jet, ionisation induced defocusing
may occur in the wings of the density profile. This potentially limits the focusability
of the beam.
To obtain a more homogeneous density profile, Semushin and Malka [67] suggested
numerically optimised nozzle geometries in order to produce supersonic expansions
4.3. ONE-DIMENSIONAL FLUID FLOW 77
which show a plateau-like density profile close to the jet axis together with steep
gradients at the edges [67]. These profiles are in particular useful to keep the gas
density constant over long (i.e. several mm) interaction lengths. The edge of the
gas jet is defined by the location of the largest density gradient. The homogeneity
implies that a stable, steady state gas flow has developed before the laser is fired.
From laser plasma experiments using diﬀerent gases it is known, that this requires
a passage of at least 0.5 mm distance through which the gas can stream from the
high to low pressure side. In smaller passages, high frequency density modulations
can lead to a self-clogging of the flow [66]. This is also the reason for characteris-
tic high frequency noise produced by a gas under high pressure escaping through a
small leakage of a compressed air bottle. This limit, in turn, defines high demands
on the mass flow capability of both the duct and the valve. Conclusively, for the
design of a supersonic gas target it is important that besides the gas jet shaping,
the performance of the flow system is also important.
4.3 One-Dimensional Fluid Flow
This section is dedicated to understand the foundations of ruling between the state
parameters of a compressible fluid flow and the shape of duct through which the
flow is set. To quantify the fluid flow, state parameters such as mass flow (kg/s),
temperature, T (Kelvin), pressure, P (bar), and density, ρ(kg/m3), are considered
under these quations for compressible fluid. For simple one-dimensional gas flow
through a cavity of varying cross-section, it is possible to relate various properties
of the flow to its cross-sectional area at any point [68]. It is assumed that the
compressible fluid is a perfect gas and the flow having the maximum velocity due
to pressure disturbances that can be transported in the fluid is given by the sound
speed,
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cs =
￿
γRT
m
(4.1)
where γ is the ratio of specific heats of the gas, i.e. γ = Cp/Cv at constant
pressure and constant volume, respectively, and R is the the specific gas constant
(kB = R/NA is the Boltzmann constant and R is gas constant). Here we assume
that the gas starts stationary from negative infinity, with properties that are denoted
with a zero subscript. p0, ρ0 and T0 denote the stagnation pressure, density and
temperature, respectively. Conserving enthalpy along the flow (per mol), where m
is the particle mass, NA is Avogadro’s constant and M is the Mach number
CpT0 = CpT +
1
2
NAmu
2 = CpT +
1
2
NAmM
2c2s (4.2)
The Mach-number in the equation 4.2 can be defined by the velocity of the flow,
u, with respect to the sound speed, M = u/cs [69]. The flow is called subsonic for
M < 1, sonic for M = 1 and supersonic for M > 1, respectively as shown in table
4.1. Under this assumption, the flow will be isentropic. Then the variables of state,
Subsonic Supersonic
(M < 1) (M > 1)
Area A Decreases Increases
Density ρ Decreases Decreases
Velocity V Increases Increases
Table 4.1: Matrix representation of Mach number
i.e. temperature, T , pressure, P , and density, ρ, become one-dimensional functions
of the local Mach number [69]. The property ratios for the steady one-dimensional
isentropic flow of a perfect gas are given by
T0
T
=
￿
1 +
γ − 1
2
M2
￿
(4.3)
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We also define P ∝ T
γ
γ−1 , then the above relation can be rewritten as
P0
P
=
￿
1 +
γ − 1
2
M
￿ γ
(γ−1)
(4.4)
and
ρ0
ρ
=
￿
1 +
γ − 1
2
M2
￿ 1
(γ−1)
(4.5)
It can be shown here that gases with the same adiabatic constant γ will behave
similarly. To conserve particle flow N˙ , then ρu A = const = N˙ , where A is the
cross-sectional area of the flow. Rearranging slightly and using the result of equation
4.4, along with the ideal and barotropic gas relations (P ∝ n0γ, P = n0kBT )
N˙
A
= n0u =
P
kBT
Mcs =
P
kBT
M
￿
γkBT
m
(4.6)
= P0
￿
γ
mkBT0
.M
P
P0
￿
T0
T
(4.7)
N˙
A
= P0
￿
γ
mkBT0
.M
￿
1 +
γ − 1
2
M2
￿− γ+12(γ−1)
(4.8)
Letting ρ represent the mass density, Bernoulli’s equation for compressible flow
u2
2 +
γ
γ−1
P
ρ˜ = constant and mass conservation can show respectively
u du+
γ
γ − 1
￿dp
ρ
− P dρ
ρ2
￿
= 0 (4.9)
du
u
+
dρ
ρ
+
dA
A
= 0 (4.10)
Combining these relations, we obtain,
du
￿
1
u
− u
c2s
￿
+
dA
A
= 0 (4.11)
where
dP
dρ
= c2s (4.12)
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At the minimal cross-sectional area, A￿, dA = 0, and therefore u = cs. Substituting
this condition into 4.8, we obtain
N˙
A￿
= P0
￿
γ
mkBT0
￿
1 +
γ − 1
2
￿− γ+12(γ−1)
(4.13)
Dividing 4.13 by 4.8 , we have an implicit equation for the Mach number in terms
of the cross-sectional area, which may be solved numerically:
A
A￿
=
1
M
￿
1 + (γ−12 )M
2
1 + (γ−12 )
￿− γ+12(γ−1)
(4.14)
Mass conservation allows the other thermodynamic properties to be calculated once
the Mach number is known. If M = 1 is satisfied with a given nozzle diameter), the
expansion characteristics of the flow can easily be derived from the critical values,
T ￿ =
￿
2
γ + 1
￿
T0 (4.15)
p￿ =
￿
2
γ + 1
￿ γ
(γ−1)
p0 (4.16)
ρ￿ =
￿
2
γ + 1
￿ 1
(γ−1)
ρ0 (4.17)
c￿s =
￿
2
γ + 1
￿
T ￿ (4.18)
The above equations represents the conditions at the nozzle throat by the stagna-
tion values of the gas (i.e. backing pressure of the valve at closed position). This
established the importance in the design to ensure that the minimum cross section
of the duct is the nozzle throat. Since supersonic nozzles require a Mach number
of M = 1 at their throat, an important design criterion for a laser gas target is to
ensure an optimum mass flow rate for a given gas jet system. If a smaller cross
section is present anywhere else in duct, the mass flow and the maximum achievable
density at a given backing pressure P0 are limited. Another relevant and important
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factor in the formation of a stable and uniform gas flow at the nozzle exit is the
background pressure of the chamber in which the gas expansion is taking place.
When nozzles are operating in the supersonic mode the exit pressure can be lower,
equal or higher then the background pressure can generate three diﬀerent regimes
of flow over expanded, ideal, and under expanded respectively [70]. Therefore in the
ideal regime, one can get uniform and stable flows. But in the case of supersonic
nozzles in laser plasma experiments, it is operated in the under expanded regime
since the pressure at the nozzle exit is always greater than the background pressure
which is usually vacuum.
4.3.1 Gas jet Formation
Supersonic gas jets were designed to meet the target requirements required in our
experiments. In principle these nozzles provide short edge scale lengths coupled
with easy diagnostic access and reasonable gas loads. These supersonic gas jets
can produce flat-top density profiles with steep gradients at the jet edges. This is
crucial, since density scale-length plays a key role in the laser-plasma experiments.
A number of previous experiments have been performed investigating already done
about the production and characterisation of gas jet targets. They include diﬀerent
measurement techniques for the characterisation of the gas jet like electron diﬀrac-
tion [81], nuclear scattering [82], stimulated Raman scattering (SRS) [83], Raman
spectroscopy (RS) [84], and, most frequently used for high density jets, interferome-
try [66]. In order to obtain optimal target conditions in the experiments, supersonic
gas jets having nozzles with 1 mm and 2 mm exit diameter were used. In principle
these nozzles supersonic provide short scale lengths edge coupled with easy diagnos-
tic access and reasonable gas loads. As the gas expands with the sound speed in the
direction perpendicular to flow after exiting the nozzle, the edge scale length from
the height h above the nozzle can be estimated as Ls ∼ 2h/M where M = v/cs is
the Mach number and cs, v are the sound and fluid speeds respectively. The factor
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of 2 results from the fact that the disturbance propagates both outward and inward
with the sound speed, analogous to a Mach cone [85]. Due to this, we can have a
flat-top in density approximately Ls shorter than the nozzle diameter. The distance
from the nozzle h must be suﬃciently large to that the laser pulse does not clip
with the gas jet, which can be a result of spreading of the laser pulse while passing
through the length of the gas nozzle. At the TAW facility, the laser was focused
with an f/4 oﬀ-axis parabola and the desired nozzle length was near 2.2 , predicting
h ≥ 0.3mm. For both experiments, nozzles machined from aluminium were used,
which is a good compromise for the durability and relatively low nuclear activation.
For TAP experiments these nozzles were replaced after each shot.
Components Details
Laser Class III B ≤0.5 W 632.8 nm JDS Uniphase 1137P
Camera 20 fps 1MP Basler Aviator avA1000-120 km
High-pressure gas line Standard 1/4” Swagelok components
Peter Paul Solenoid valve ISeries EH22
Vacuum chamber pressure gauge IONIVAC ITR 90
Stanford Electronic triggering SRS DG535 Triggering unit
Optics Thorlabs
Table 4.2: Shows detailed information of the components used for the Mach-Zehnder
interferometery
4.3.2 Experimental set-up
The density of the gas jet depends upon a number of factors. These include the
triggering time relative to the laser arrival time, the solenoid type, the voltage used
to open the solenoid, the backing pressure of the target gas, the diameter of the
nozzle and the shape of the nozzle. In chapter 3, we already described the process
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for extracting the density profile of a medium via the phase shift it induces in laser
light. This phase shift is measured using a Mach-Zehnder interferometer [86], located
outside the vacuum chamber. Here a Class III B Helium-Neon 632.8 nm laser was
used. The experimental setup of the interferometry equipment is illustrated in figure
4.1.
Vacuum Chamber
Camera
Beam Splitter Mirror
Lens
Beam Expander
Gas Jet
Vacuum ChamberHe-Ne LaserMirror
Pinhole
Manometer
High pressure gas supply with gauge
Nozzle
Solenoid valve
(a) (b)
Figure 4.1: Sketch of experimental setup used for gas jet characterisation. Fig-
ure (a) shows the Mach-Zehnder interferometery setup, figure (b) shows
schematic of gas line outside the chamber
The beam expander is used also as a spatial filter, to provide a more even illu-
mination of the gas jet target. The interference pattern was recorded with a 120
fps, 1024×1024 pixels monochrome camera (1MP Basler Aviator avA1000-120 km).
Since the gas jet typically exists over a timescale of tens of milliseconds, the camera
was able to record a short time series of its evolution. Additionally, the reference in-
terferogram required for the analysis as already discussed above may be taken from
a frame recorded prior to the triggering of the gas jet. An example of an interfero-
gram alongside its reference may be seen in 4.2. Limited by the size of the optical
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Gas type (η − 1)(1) ∆φ(πrad)
Hydrogen 1.4×10−4 0.21
Deuterium 1.3× 10−4 0.20
Argon 2.8×10−4 0.41
Table 4.3: Refractive index and phase shift relative to vacuum for several gases. The
phase shift is calculated for a wavelength of 632 nm passing through the
gas with a density of n0 = 1019 cm−3.
Figure 4.2: An example interferogram alongside the reference fringes used in its
analysis
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table, the maximum resolution achieved was ≈ 5µm per pixel, with a field of view of
≈ 5 mm in the vertical and horizontal directions. The intensity of the laser allowed
short exposure times of down to ≈ 5µs per frame whilst retaining fringe visibility,
avoiding blurring in even rapidly moving interferograms. The solenoid valve itself
is closed by default, but opens for a period defined by the length of a 12V pulse
sent from a trigger box. All measurements were taken inside a vacuum chamber
pumped down to ≈ 10−2 mbar using a roughing pump. This achieves a ratio of jet
pressure to ambient pressure of ≈ 105, important in ensuring the gas flow is not af-
fected significantly by the density of the medium through which it moves. A special
Material Dcrit(mm) L (mm) Dexit(mm) nexit(1019cm−3)
Al 1 4 8 16
Al 2 4 8 19
Table 4.4: Various gas-jet nozzles used in the experiments.
eﬀort (turning oﬀ pump) was also made to reduce the noise in the interferograms
due to mechanical motion (pump or gas valve opening). Detailed information on all
components used can be found in and fro table 4.2.
4.4 Computational Analysis
The experimental data obtained from gas jet characterisation was numerically com-
puted by using scripts written in the Matlab programming language, having two
main features. The first stage was to use a pre-existing code to perform Fourier fil-
tering of the phase-shifted interferogram. The second step involved using modified
written code (see appendix A) to create a radial density map by Abel inversion of
the phase map. Firstly, we select a region of interest that will be taken from the
interferogram and its reference as shown in figure 4.3(a). A Fourier filtering step is
then achieved through a 2D Fast Fourier Transform algorithm built into the Matlab
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Figure 4.3: The user input required in the interferogram analysis: figure 4.3(a) se-
lecting a region of interest as shown by blue lines. figure 4.3(b) shows
filtering the Fourier transform. figure 4.3(c), shows selection of an axis
of symmetry, and figure 4.3(d) shows the final phase and radial density
map.
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language, and produces an image 4.3(b).
The phase extraction script sometimes had trouble resolving higher phase shifts, and
so an algorithm was written to scan vertically through each column of the image,
correcting the phase every time it changed by an amount over a certain threshold
after correction. We have to manually select the symmetry axis as demonstrated in
figure 4.3(c). The phase map was to be assumed horizontally symmetric, and the
density distribution was assumed to be radially symmetric. The portion of the phase
map to the right of the symmetry axis is then inverse Abel transformed one row at
a time and scaled by a constant factor to give the numerical density. The resultant
phase map and density map are shown in figure 6.13(d). Typically, running on a
2 GHz dual-core processor a single image took ≈ 10 seconds to analyse. Table 4.3
shows the refractive indices of some gases at normal conditions (1bar, 273K) for a
wavelength 632 nm together with the phase shift for a nominal density.
L
Dcrit
Dexit
gas flow
Figure 4.4: A cross-sectional view of 2 mm gas nozzle
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4.5 Results and Analysis
4.5.1 Deuterium and Hydrogen gas
In TAP and TAW experiments, 1 mm and 2 mm gas nozzles have been used with
hydrogen and deuterium gas as shown in table.4.4. Figure 4.4 shows the cross sec-
tion of the conical nozzle design used for the characterisation. The gas jet nozzles
are characterised by the diameter of the entrance orifice Dcrit which should be the
smallest, or critical diameter in the flow system, the diameter of the exit orifice Dexit
and the length between these two is L. The optimised values for this length were
found by Semushin and Malka [67] for various nozzle parameters.
The main goal of this chapter was to establish a supersonic gas nozzle which can
produce collimated, high density gas jets suitable for laser-plasma experiments. The
smallest nozzle which was used to study (and also applied in the experiments) has a
Dexit(mm) = 1 with the exit diameter 4mm. By using Mach-Zehder interferometer
and with the help of analysis code, it was possible to determine the density profiles
of the nozzle for diﬀerent backing pressures. For each nozzle the gas line pressure
was varied from around 1−100bar, and a time series of interferograms taken. Figure
4.5(a) and figure 4.5(b) shows the 2D phase maps caused by the deuterium gas using
1 mm and 2 mm gas nozzles respectively. As would be expected, the flow diﬀered
widely between the 1 mm and 2 mm gas nozzles so the resultant comparison be-
tween radial density maps is made in figure 4.5(c) and 4.5(d). Similarly from these
two radial density maps it is possible to identify a region where the density of flows
approximately remain stable and constant. Throughout the propagation. To anal-
yse the flow in radial direction, we performed lineouts of the 2D density profiles for
several propagation distances from nozzle as shown in figure 4.6. Figure 4.6(a) and
4.6(b) overlays the radial density profiles of the same flows at 0mm and 0.5 mm
from the edge of the nozzle. At this distance the gas is still mostly confined to the
maximum radius of the nozzle. Similarly, the results of radial density measurements
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(d) Radial density map of 2mm
Figure 4.5: A comparison of 2D phase maps, radial density maps taken from dif-
ferent nozzles of a deuterium gas line pressure of 65.1bar and 61.5 bar
respectively
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Figure 4.6: Figures a, b shows lineouts of 2D density profile of deuterium gas at a
backing pressure (65.1bar, 61.5 bar respectively), for 1 ad 2mm nozzles
respectively; and (c), (d) shows lineouts of 2D density profile of hydrogen
gas at 78.4 bar and 99.2 bar respectively.
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by using hydrogen gas are shown in figures 4.6(c), and 4.6(d). Further lineout show
the dependence of the gas jet density with increasing distance from the nozzle exit.
These results are summarised in figure 4.7, which shows the interferometry results
of deuterium and hydrogen gas nozzle with an exit diameter of 1 and 2 mm nozzles,
over a range of backing pressures: (0− 100) bar . As predicted by one dimensional
theory the measured gas densities are always directly proportional to the gas backing
pressure, which can be verified in 4.7. The top figure 4.7(a) shows the measured
density plot of deuterium gas for diﬀerent backing pressures. The maximum density
is 1.0×1025 m−3 about 0.5 mm away from the nozzle at 61.5 bar. Whereas the right
figure 4.7(b) shows the density profile for hydrogen gas, with the maximum density
1.38 × 1026 m−3 at 0 mm away from nozzle with backing pressure 99.4 bar. The
density comparison of these two gases are also shown in figure 4.7 for the given 2
mm gas nozzle. It can be depicted that Hydrogen gives higher densities as compare
to the deuterium gas. It is also shown in table 4.3 that hydrogen gas has higher
phase shift , which results the higher gas densities.
Gas jet targets have been developed and characterised to meet the requirements
for diﬀerent channelled and un-channelled experiments. Simple supersonic gas jets
provide reasonably flat density profiles. The design of supersonic nozzles is suitable
for wide laser plasma applications which require smooth, constant flow of gas.
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Figure 4.7: Figure 4.7(a) and 4.7(b) shows experimental data for deuterium and
hydrogen gas at diﬀerent backing pressures just above exit of gas. Figure
4.7(c) shows the comparison of given gas densities.
Chapter 5
Formation of plasma channel with
short pulse laser
5.1 Introduction
This chapter describes the results from an experiment performed using the Vulcan
Petawatt Laser, a Nd:glass laser with wavelength of 1054 nm, based at Rutherford
Appleton Laboratory, during January-February 2009. We present experimental data
on laser propagation and hot electron production from underdense plasmas obtained
using the Vulcan laser with Hydrogen gas. The chapter is organised in the following
way, the first section describes, the Vulcan Petawatt laser, then a brief overview of
previous high-intensity laser experiments that are relevant to the Fast Ignition. The
second section describes the experiment in Target Area Petawatt (TAP). It starts
with a description of the experimental setup, the optical and electron spectra results
from these experiments are then discussed together.
5.1.1 Vulcan Petawatt Laser
Vulcan Petawatt is a versatile large scale Nd:glass laser located at the Central Laser
Facility of the Rutherford Appleton Laboratory in Chilton, UK. In 2004 the system
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was successfully upgraded and held the record for being the highest-intensity focused
laser in the world [87], [88]. Each pulse can contain up to 500 J of laser energy
compressed to ∼ 500 fs in duration, equivalent to one petawatt (1015 W) power.
Focused to a spot of 5 µm in diameter (FWHM), an intensity on target of 1 ×
1021 Wcm−2 is achieved, which is suﬃcient for the investigation of high relativistic
laser-plasma interaction physics.
The front end of the Vulcan Petawatt is a commercial Ti: Sapphire Kerr lens
mode-locked system, which generates pulses with a duration of 120 fs and a full
width half maximum bandwidth of 15 nm. The oscillator operates at a wavelength
of 1053 nm, producing 5 nJ pulses at a rate of 80 MHz. The oscillator pulse is then
stretched to a pulse length of 2.4 ns with a bandwidth of 18 nm before amplification.
The stretcher needs to be a nearly perfectly conjugate of the compressor to achieve
the final pulse length of 500 fs.
The preamplifier is based on the OPCPA technique; this amplification is achieved
in three stages. BBO crystals are used as the non-linear medium (known as optical
parametric amplification) for all three stages. Stage one and two are designed to
give a gain of 103, and the third stage is used to saturate the process and gives a
gain of 102. These stages are seeded by the chirped oscillator pulse and pumped by
a Q-switched Nd:YAG. It is a single longitudinal mode (SLM) laser that generates
a train of 1 J pulses at 10 Hz. The pulses have a gaussian shape and a pulse-length
of 15 ns at 532 nm. Pockel cells slice the central 3 ns, such that the pump pulse
has an almost top hat temporal profile. The total gain from this pre-amplification
stage is ∼ 108. Before the next stage of amplification (OPCPA stage), the pulse is
stretched again to 4.8 ns.
Phosphate glass amplifiers are the standard amplifiers used in the Vulcan system
and are pumped by flash lamps. To avoid bandwidth loss, silicate glass amplifiers
are to inter-mixed with the phosphate amplifiers, with the eﬀect of broadening the
bandwidth.
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Therefore the amplifier chain for the petawatt consists of a single pass silicate rod
amplifier (9 mm), followed by a double pass silicate rod 16 mm, then single pass
phosphate rod amplifiers (25 mm, 45 mm) followed by a double pass phosphate disc
(108 mm).
Additional energy is obtained with a final disc amplifier stage which consists of
three ex-Nova (a retired Lawrence Livermore National Laboratory LLNL laser) 208
mm aperture disc amplifiers to provide 670 J laser energy to beam line. This final
amplification stage is isolated by means of a 208 mm aperture Faraday rotator and
a single polariser at the stage input. The bandwidth of the final pulse is 5 nm. For
the final amplification, a 19 m long vacuum spatial filter has been used to improve
the beam quality and expand the beam from 208 mm to 600 mm. The gold-coated
holographic gratings, of 940 mm diameter and a line density of 1480 lines/mm, were
supplied by LLNL. The compressor is housed in a vacuum chamber and is isolated
from the target vacuum chamber by a gate valve.
After the second grating, two mirrors are used to bring the compressed beam onto
the f/3 oﬀ axis parabolic mirror. The first mirror turns the beam into the target
chamber; a low energy leakage through the back of this mirror is used for the beam
diagnostics, which include the spectral width and auto correlator measurements for
the pulse duration. The second mirror turns the compressed beam onto the target
inside the chamber. An 120 mm diameter adaptive optics (AO) module [89] is
important to improve the wavefront quality in order to get an optimal focal spot on
target and increase the intensity. Improving the wavefront quality with the adaptive
optic, the optimal focal spot improves by a factor of > 2, increasing the intensity
on target by a factor of 4. Wavefront error correction also helps achieve the best
re-compression. Due to the high intensity laser system, prepulses can also be present
due to amplified spontaneous emission (ASE) and phase errors. For full disc shots
the best contrast ratio for Vulcan Petawatt is expected to be around 4× 10−8 on a
nanosecond timescale [90].
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Figure 5.1: Schematic of Vulcan Laser
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5.2 Previous short pulse laser experiments
The propagation of an intense laser pulses in plasma has been explored extensively.
There are broad range of applications relevant to short pulse, high intensity interac-
tions; hot electron production [91], channel formation [92], [93], [94], high harmonic
generation [95], x-rays [96] and laser fusion schemes. The fast ignition scheme rele-
vant to the inertial confinement fusion (ICF), has intensified the interest in studying
the generation of hot electrons produced by the laser-matter interaction.
There are several mechanisms, by which an ignition laser pulse in fast ignition (FI)
can reach close to the core. In the case of hole-boring, the ignition pulse needs to
make a hole through an underdense plasma to reach near to critical surface with a
critical density ncr = ω20me/￿0e
2 [19]. A short intense laser injected close to the pre-
compressed dense core at maximum compression, can deposits it energy eﬃciently
into super thermal electrons at the critical density surface. These super thermal
electrons propagate from the critical density to the high density core and initiate
fusion. As the Vulcan Petawatt, is capable of delivering peak powers of hundreds
of terawatts, it is interesting to examine the acceleration of hot electrons occurring
at these high intensities which are comparable to those required for fast ignition [7].
It is of course also interesting to see how such intense pulses tunnel through the
underdense plasma regions prior to the core.
This chapter describes an experiment on the Vulcan Petawatt laser, which was per-
formed in January 2009 -February 2009 and primarily studied the interaction of
the intense laser pulse with an underdense plasma target. The following sections
describe this experimental setup and the results obtained. Simulations with the
PIC code Osiris were also performed, and these are presented to help explain the
processes occurring in the actual experiment.
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5.3 Experimental method
5.3.1 Laser beam and target area configuration
The Vulcan Petawatt laser has a centred wavelength = 1054 nm. At the time of
the experiment, the Vulcan Petawatt delivered pulses of up to 155− 250 J on target
with pulse duration τL = 740 ± 130fs. An f/3 oﬀ-axis parabolic mirror was used
to focus these pulses onto the edge of a supersonic gas jet, producing intensities
more than ∼ 1021 Wcm−2, which corresponds to a normalised vector potential of
a0 = eE/mec > 20.
Figure 5.4 shows the experimental layout of the target chamber and diagnostics.
Diagnostics include transverse probing with a frequency doubled pulse of wavelength
Imaging lens
Interferometry and shadowgraphy
Probe beams
Gas Jet
Plasma Mirror
Electron spectrometer
Optical spectrometer
Andor Camera
Main Beam
Figure 5.2: Sketch of the experimental setup for high intensity laser interactions
with gas jet target.
532 nm directed perpendicularly to the main laser beam. The target was imaged
onto a CCD camera with an f/6 lens (focal length f = 40 cm) having a resolution
of ∼ 6 µm. In this experiment the gas jet valve used was a Parker high pressure
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TAP Experiment Parameters
Wavelength 1054 nm
Energy 155− 250 J
Pulse Duration 740± 130fs
Intensity 5× 1019 Wcm−2
Focal Spot Diameter 7µm (FWHM)
Table 5.1: Laser parameters used in the short pulse interaction experiment.
solenoid. The nozzle used was a high-density 2 mm conical nozzle with a 1 mm
entrance orifice. A jet of hydrogen gas (target) was ejected from the supersonic
nozzle at pressures such that, when fully ionised, plasma densities up to 1020 cm−3
were achieved. Figure 5.3(a) shows the 2D density profile for hydrogen gas for 99.2
bar taken 0.5 mm above of the 2 mm nozzle and figure 5.3(b) shows the plot of
density as a function of backing pressure at this height above the nozzle.
The principal diagnostics which will be described here were shadowgraphy, a
magnetic spectrometer measuring the energy spectrum of the accelerated electrons,
and an optical spectrometer simultaneously measuring the spectrum of the trans-
mitted laser light. The sketch of the experimental setup for shadowgraphy with two
probe beams P1 and P2 is shown in figure 5.4. The electron spectrometer consists of
slit, an electromagnet and image plate as detector, as described in chapter 3. The
electron spectrometer was placed outside the main target chamber, with the image
plate inside a smaller vacuum chamber attached to the main chamber by a pipe.
This minimises scattering of electrons before reaching the detector. The electron
spectrometer was placed outside the main chamber in order to reduce the level of
background signal on the detectors. In this experiment, the electron spectrometer
was positioned at 5◦ from the laser axis.
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Figure 5.3: Figure (a) shows a lineout of the 2D density profile of hydrogen gas at
a backing pressure of 99.2 bar taken 0.5 mm above the nozzle. Figure
(b) shows the variation of electron density with the gas pressure for the
2 mm nozzle with hydrogen gas.
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Figure 5.4: Sketch of the experimental setup for shadowgraphy outside the chamber.
5.3.2 Optical probing diagnostics
Figure 5.5 shows two shadowgrams of the blast front that forms in hydrogen plasma
interactions with ne = 2.5× 1019cm−3 using 618J, 1.1 ps duration laser pulses [61].
These shadowgrams obtained at diﬀerent delays δt between the main beam and the
probe beam (λ = 527nm). By changing δt, it is possible to reconstruct the evolution
of the observed shadowgraph. This shadowgraphs shows many channel formation,
as the laser pulse breaking up into multiple filaments that populate the whole of the
outward cone that is also defined by the defocusing laser.
5.3.3 Electron Spectrometer Results
Here imaging plates were used as detectors. The image plates from the electron
spectrometer were digitised using an image plates scanner. The line outs of these
images were taken and analysed for electron number and energy. The targets were
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(a) Probe beam 1
(b) Probe beam 2
Figure 5.5: Figure shows shadowgraphy results at 25 bar for E = 618 J and 1.1 ps
laser pulse, (a) at a time of 23 ps and (b) at a time of 13 ps
Laser
Gas Jet Electron Spectrometer
Figure 5.6: Sketch of experimental setup
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supersonic gas jets (see chapter 4), with diﬀerent nozzle diameters (1 and 2 mm).
By focusing the laser into the gas target (hydrogen), underdense plasma is formed.
Figure 5.7 shows typical electron energy spectra as a function of density. These
four spectra were taken given over a range of electron densities from ne = 0.01ncr
to ne = 0.1ncr, where ncr = 1.0 × 1021 cm−3. The monotonically falling of electron
spectrum could be characterised by an eﬀective temperature Teff . For each plot
a exponential fit of the form N(E) ∼ exp(−E/Teff ) is shown, where N is the
number of electrons with energy E. At high density the data is well described by
this exponential fit, but at low density the fit is not as accurate a description. In
particular, there are generally more high energy electrons than would be present in
an exponential distribution, within some cases a corresponding roll-oﬀ at the lowest
densities. These spectra have all been overlaid on figure 5.9 to aid comparison. One
can see that most energetic electrons with the hottest temperature are for ne = 1.11×
1019cm−3, with a fall-oﬀ in numbered mean energy at high density. However below
this density, no energetic electrons were observed suggesting a threshold behaviour.
Figures 5.9 shows explicitly how the acceleration varied with electron density. Both
maximum energy and the eﬀective temperature rapidly increases to a maximum
near 1.11 × 1019cm−3. The characteristics energy in this case is ≈ 18 MeV with a
maximum at around 100 MeV as shown in figure 5.9.
5.4 Simulation Results
For a better understanding of the physics involved in this experiment, simulations
have been carried under the same interaction conditions. A series of relativistic
2D3V PIC simulations were performed with the code OSIRIS. The simulations in-
vestigate the laser propagation and electron acceleration at diﬀerent plasma densi-
ties.
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Figure 5.7: Electron energy spectrum observed at various plasma densities.
(a) ne = 1.11× 1019cm−3, E∼ 270 J,
(b) ne = 5.19× 1019cm−3, E∼ 310 J,
(c) ne = 7.16× 1019cm−3, E∼ 338 J,
(d) ne = 9.9× 1019cm−3, E ∼ 281 J. The pulse duration was ∼ 1.3 ps,
∼ 0.7 ps, ∼ 0.9 ps and ∼ 0.7 ps for given spectra.
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Figure 5.8: Electron energy distribution for 2mm nozzle at given densities
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Figure 5.9: Density dependence of maximum electron energy Emax
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5.4.1 Simulation Parameters
Laser Parameters
a0 15.6
spot diameter (FWHM) 10 µm
τL 660 fs
Table 5.2: Input laser parameters for the OSIRIS simulation
5.4.1.1 Laser
In our simulation though, the laser pulse was modelled with a peak normalised
vector potential ∼ a0 = 15.6 and pulse duration τFWHM = 660 fs as shown in table
5.2. The slightly lower initial a0 was designed to not overestimate the influence of
laser energy once the laser diﬀracts, which is a problem for 2D simulations. Within
the simulations the spatial profile is a perfect gaussian, with 50% of the total laser
energy within the FWHM. This was not the case during experiment, where the wings
of the beam contains more energy. Therefore, to satisfy experimental conditions,
the energy used to set a simulation value for the peak a0 assumed reduce energy
within the focal spot diameter ∼ a0 = 15.6.
5.4.1.2 Target
Plasma Parameters
density 0.001 ncr − 0.1 ncr
target Hydrogen gas
gas jet length 2mm
Table 5.3: Input target parameters for the OSIRIS simulation
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Figure 5.10: Osiris PIC code simulation results at ne = 0.001nc = 1 × 1018cm−3.
From left to right, transverse electric field and the electron number
density. These are all shown for the same time step in the simulation
from top to bottom, ∼ 2.4 ps, 4.9 ps and 7.3 ps.
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As Osiris simulations were performed to investigate the near critical plasma
interactions for the underdense hydrogen plasma, the relevant target parameters
choose for simulation are shown in table 5.3. The simulation box is moving with
the laser pulse at the speed of light c. A 660 fs long pulse with a gaussian temporal
shape was focused to the edge of a of the density ramp, fully ionised hydrogen
plasma. The simulations were carried out, each with a diﬀerent plasma electron
density ne as shown in table 5.3. The laser propagated in the box from the left
boundary to the right boundary. The simulation box was approximately 25 mm
with a resolution of 12.56 cells/λ0 in the transverse (x2) direction and 1.58 mm
cells/λ0 in the longitudinal direction (x1). The time step, the data was saved in,
was 0.49 ps. Importantly the colour tables are rescaled based on the peak values in
each case. This allows more detail to be visible.
5.5 Simulations Result
Figure 5.10 shows data from a simulation performed at Imperial College London.
Simulations are usually performed in normalised units. In theoretical plasma physics,
Parameters OSIRIS unit
Length cω0
Time 1ω0
Velocity c
Charge e
Mass me
Momentum mec
Density nc =
￿meω20
e2
Electric field cmeω0e
Table 5.4: The normalised units used for the OSIRIS simulation
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multiplication by several constants (me, e, and c ) to leave dimensionless quantities
is common. The simulations were initialised by preparing the input parameters of
the density profile and the chosen laser parameters using the normalised units shown
in table 5.4. The output data of the simulation are also in these normalised units.
Figure 5.10 shows snapshots of the transverse electric field (i.e. the laser) and the
electron number density of the plasma for density ne = 1× 1018 cm−3 for ∼ 2.4 ps,
4.9 ps and 7.3 ps. The formation of a plasma channel can be easily ascribed to the
eﬀects of ponderomotive forces associated with the intense laser pulse as it propa-
gates through the plasma. Initially, the laser pulse exerts a ponderomotive force on
the electrons and expels them radially. This sets up a large space charge force which
pushes the ions outward from the axis of propagation. After the passage of the laser
pulse, the ions continue to drift radially approximately with velocity associated with
Upond, and thus creating a plasma channel. The electron density channel after 4.9
ps is shown in 6.13(f). Here the expulsion of electrons is so strong that a shock-like
structure is set up which expands away from the laser axis. Longitudinal electric
field plots show that the longitudinal field is demonstrated by the laser field due
to the cavitation. This means wakefields are suppressed and so all the acceleration
must be due to direct laser acceleration [74], [97].
Figure 5.11 shows snapshots of the electron density evolution following the passage
of the laser pulse through the computational grid for a variety of initial densities.
From top to bottom the density of plasma is 0.001 ncr, 0.01 ncr and 0.1 ncr respec-
tively, taken at t ∼ 1.9 ps, 3.9 ps and 5.8 ps respectively (from left to right). One can
see channel formation and hot electron production is a common feature in all these
simulations. Figures 5.11(g), 5.11(h) and 5.11(i) show the electron spectra obtained
for density ne = 1×1020 cm−3 evolution for 1.9 ps, 3.9 ps and 5.8 ps through plasma
with a bulk density of ne = 1× 1020 cm−3. In this case, the beam propagation has
become severely filamented and laser propagation is strongly inhibited energy con-
version to hot electrons. Figure 5.13 shows electron spectra obtained at time 1.9
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Figure 5.11: 2D3V Osiris PIC code results showing p1−x1 phase space for diﬀerent
densities. From top to bottom, the electron number density is 0.001 ncr,
0.01 ncr and 0.1 ncr.
These are all shown for t ∼ 1.9 ps, 3.9 ps and 5.8 ps respectively.
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ps into interaction for diﬀerent densities, from 0.001 ncr−0.1 ncr. An exponentially
decreasing electron spectrum is produced (broad energy spread) produced in each
case with temperature.
5.6 Conclusions
Electron beam production and propagation have been studied with 1 ps laser pulses
interacting with hydrogen gas jet at intensities greater than 1020 Wcm−2. It can
be summarised, that such interactions can produce produce relativistic bunches
of electrons with energies up to 100 MeV, and particularly at high density lead to
filamented laser propagation. Computer simulations were undertaken using the code
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Figure 5.12: Variation of temperture with the given electron number density
showed that obtained electron spectra were mostly due to by direct laser acceleration
due to strong cavitation in the plasma density. The observed maximum energy of
these electrons from simulations are varied from 35− 200 MeV for given 0.001 ncr,
0.01 ncr and 0.1 ncr densities respectively as shown in figure 5.13. One can see that
as in the experiment the electron energies (temperature) increase for decreasing
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density. This is shown explicitly in figure 5.12 which shows the same dependence
as in the experiment with mean energy at 1019 cm−3 at Teff ∼ 15 MeV as opposed
to the experimentally determined value of Teff ∼ 18 MeV.The simulations suggest
hotter temperature and maximum energies but with much smaller electron numbers.
Hence it is possible that though such energetic electrons were created, they may have
gone undetected in our experiments.
Such energetic electron production would be a problem in ICF, since it could lead
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Figure 5.13: Variation of electron energy with the given electron number density
to significant target preheat. However, since hole-boring only happens at close to the
final compression stage this might not be such a problem. The simulation spectra
suggest the hottest electrons are produced at 1018 cm−3. But in reality the number of
such electrons is greatly reduce as compared to at 1019 cm−3. Hence it is likely that
as in our experiment, the best density for observing energetic electrons is around
1019 cm−3. Furthermore, as in real hole-boring experiment the laser pulse duration
is proposed to be much longer [7]. Plasma behaviour under the ponderomotive force
of a long pulse laser is diﬀerent than that under a short pulse laser. This influence
of pulse length will be discussed in the next chapter.
Chapter 6
Formation of channels with Long
pulse laser
6.1 Introduction
The primary objective of this experiment was investigate the generation of a laser
propagation and uniform plasma channel creation at intensity ∼ 1020 Wcm−2. The
processes of plasma formation as well as resulting plasma channel is aﬀected by
a number of diﬀerent parameters, which are discussed here. All the experimen-
tal work presented in this chapter was conducted at the Central Laser Facility at
the Rutherford Appleton Laboratories (RAL) using the Vulcan Target Area West
Facility 2009.
6.2 Previous Work
The propagation of an intense laser pulse through fully ionised plasma has been
investigated extensively in the last decade [98]. There are a number of applications
that require the formation of a stable channel in underdense plasma. These include
high-quality laser wakefield acceleration of electrons [99], high brightness x-ray gen-
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eration in laser wakefields by betatron oscillations [96] and the fast ignition variant
of inertial confinement fusion [100]. In the Fast Ignition (FI) scheme, Tabak et al [7]
proposed adding a longer intense pulse (duration of ∼ 100 ps) ahead of an ignition
pulse in order to generate a channel in the underdense corona surrounding a fusion
pellet, in order to push the critical surface of the plasma closer to the dense core.
This scheme has several advantages as compared to adding an external guide as in
the cone-guided concept [19]. It requires less sensitive target fabrication, and may
therefore be easier to implement. It also decreases the cost of targets and may lead
to more eﬃcient coupling of laser energy to the core for fast ignition.
Relativistic channelling in underdense plasma has been studied both computation-
ally [93] and experimentally [101]. Diﬀerent plasma densities, laser powers and pulse
shapes have been considered for the process of plasma creation and channelling. In
the high intensity regime (a0 ￿ 1), the ponderomotive force [102] and relativistic
eﬀects [103] dominate the laser plasma interaction. Theses forces can modify the re-
fractive index of the plasma leading to self-focusing and filamentation. These studies
also show that high intensity laser plasma interactions also leads to other detrimen-
tal instabilities, such as longitudinal modulation, induced by self focusing [104], and
long wavelength hosing [105]. Therefore an experiment to investigate these issues
was conducted at the Rutherford Appleton Laboratory.
The aim of the experiment was to study laser channelling in underdense plasma by
laser pulses of comparatively long duration, emulating the one proposed by Li et
al. [98], focused into a supersonic deuterium gas jet at various densities.
6.2.1 Target Area West (TAW)
The Vulcan Target Area West (TAW) is a flexible facility. It features a 100 TW
beam line, which can produce pulses of 100 J in 1 ps using the CPA technique.
In addition to this, there is a second CPA line and up to 6 long pulse beams that
can be fired into the area. The front end of the laser consists of Nd:Glass laser
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oscillator (GLX-100), mode locked with semiconductor saturable absorber (SAM),
leasing 1053 nm producing 1 nJ pulses of 170 fs duration at 80 MHZ. These pulses
are stretched and pre-amplified by the 3-stage double passed Nd:Glass amplifiers,
then propagated through the main Vulcan amplifier where it is initially amplified
in a series of single pass, flash lamp pumped, rod amplifiers to an output aperture
of 45 mm. The final amplifier stages consist of a double-pass 108 mm aperture
disc amplifier followed by a single-pass 150 mm aperture disc amplifier. The single
pass compressor is a vacuum vessel that contains a pair of gold coated, holographic
gratings (904 mm diameter, 1740 lines per mm, 3.5m separation), which compresses
the final pulse length up to 1 ps with a maximum energy 100J [106], [107] and ∼ 30ps
beam can be up to 200 J, by using transmission grating for greater throughput. The
focusing geometry in TAW is more flexible than in TAP, with the available parabolic
mirrors ranging from f/3 to f/20. The second CPA beam can be recompressed in
air to 10 ps with 30 J. These long-pulse beams used as a probe beam, are often
frequency doubled from ω to 2ω (527 nm) or quadrupled to 4 ω (263 nm). This has
the advantage of being able to probe to higher densities, since the critical density
for higher frequencies also increases.
6.3 Experimental method
6.3.1 Laser beam and target area configuration
The experimental work presented here was conducted using the Vulcan laser at the
Central Laser Facility at Rutherford Appleton Laboratories. The central wavelength
of Vulcan is 1054 nm. For this wavelength, the non-relativistic critical electron den-
sity is nc = 1× 1021 cm−3. The laser channelling experimental setup is presented in
figure 6.1. In this experiment, plasma was produced by field-ionisation of the gas
jet by the driver laser pulse itself. The laser pulse has a duration τ = 30 ps. The
focal spot contained about 35% of energy within a (FWHM) diameter of 7 µm. This
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Figure 6.1: Sketch of experimental setup.
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compares to the Rayleigh range, zR ≈ 2Fw0 ∼ 42 µm, for a measured focal spot size
of w0 ∼ 7µm and F- number of ∼ 3.
The target was supersonic deuterium gas jet with nozzle diameter 2 mm. The
TAW Experiment Parameters
Wavelength 1054 nm
Energy 200 J
Pulse Duration 30ps
I λ2 3×1018 Wcm−2µm−2
Focal Spot Diameter 7µm (FWHM)
Table 6.1: Laser parameters used in the long pulse interaction experiment.
laser was focused 1.5 mm above the front edge of the nozzle. The neutral density
profile was characterised before the experiment at Imperial College London using
interoferometric techniques (cf. Chapter 3). The resultant inferred density profile
at 1.5 mm above the nozzle is shown in figure 6.2. The gas jet density was var-
ied by changing the backing pressure from 1 to 100 bar. This resulted, once fully
ionised, in electron densities of 1018−1020cm−3, which is 0.001−0.1 times the critical
density ncr = ￿0ω2me/e2. The parameters (PL = 6TW) were such that the laser
would exceed the threshold for relativistic self-focusing for a Gaussian laser beam
(PL > Pcr = 17(ncr/ne)GW) (cf. theory section 2.5.1) for an initial plasma density
of ne ≈ 2× 1018cm−3. Even below this threshold, guiding of the laser pulse should
still take place due to ponderomotive eﬀects alone.
In order to obtain interferograms and shadowgraphs of the plasma, a collimated
frequency-doubled pulse of wavelength 532 nm was directed perpendicularly to the
interaction laser beam, beam, and then sent into separate diagnostic channels using
a beam splitter outside the chamber. The setup for shadowgraphy and interferom-
etry is shown in figure 6.3. The rays of the optical probe beam are deflected by the
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Figure 6.2: A lineout of 2D density profile of deuterium gas at a backing pressure
∼ 65.1 bar taken from 1.5mm away for 2mm nozzle.
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Figure 6.3: The probe beamline diagnostic channels showing the interferometry
channel and the shadowgraphy channel
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refractive index of the plasma. Shadowgraphy gives information about the size of
the deflecting plasma, whilst interferometry can give us quantitative information on
the density profile. By varying the timing of the pulse beam an examination of the
plasma channel formation in the form of a series of snapshots was made possible.
The interaction of laser with deuterium gas plasma was also identified via proton
radiography. The spectra of the transmitted light in the forward direction and ac-
celerated electron emerging from the gas jet were also studied as shown in figure 6.1.
The collimated forward electromagnetic spectra coming out of the chamber was di-
rected onto an optical spectrometer and then recorded with an Andor CCD camera.
The accelerated electrons were measured in the direction of the laser propagation
(i.e. at 00) by a magnetic spectrometer, which was placed outside the main target
chamber. After being deflected by the magnetic field, the deflected electrons were
recorded on image plates, which produce high-resolution 2D images of the dose de-
posited by the electrons passing through the detector plane. In order to convert
the electron spectra from the image plate data, a tracking code written in Matlab
was used. The field strength used enabled measurement of electrons with energies
between 0.4 and 25 MeV.
6.3.2 Optical probing diagnostics
The rays of the optical probe beam can be deflected by transverse gradients in
refractive index of the plasma as described theoretically in chapter 3.
This deflection was measured by recording the intensity distribution of the probe
beam at diﬀerent positions with respect to the plasma. Using the shadowgraphy
technique with variable time delay of the probe, an examination of the plasma
channel formation (in form of a series of snapshots) was made possible.
A systematic focal shift, of the microscope objective was used to control the
contrast in the shadowgraphs. Areas of brighter and darker regions have been ob-
served which are as a result of the spatial variation in refractive index gradients.
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Laser
2mm
Timing =30 ps
Figure 6.4: Deuterium gas backing pressure 99 bar (∼1020electrons cm−3)
An example of a shadowgraph taken 30 ps after the main beam as shown in figure
6.4. As can be seen there is an image of the plasma, but it is not very well defined
due to non uniformity in the spatial quality of the probe beam density during this
run. A number of diﬀerent techniques were used to remove these unwanted spatial
inhomogeneities. These types of problems arise from the imperfect spatial quality of
the probe beam profile. Diﬀraction eﬀects due to the probe beam clipping mirrors
and apertures, is another important factor. As the experiments progressed such
eﬀects were minimised by aligning the beam more carefully as it entered the target
area through the aligned pinholes. Firstly, prior to each shot, a background signal
was taken and subsequently subtracted from the main image. The resulting image
was then convolved with a Gaussian kernel. In 2D discrete space, the convolution
of the matrix x[m,n] by the kernel y[m,n] is given by,
h[m,n] = x[m,n]× y[m,n] =
+∞￿
j=−∞
+∞￿
k=−∞
x[j, k]y[m− j, n− k] (6.1)
Here, a N = 3 × 3 Gaussian filter is applied to the image matrix, where a 2D
Gaussian function is used as a point spread function. This results in a pixel being
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Timing = 0 ps
Laser
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Figure 6.5: Deuterium gas shadwographs at backing pressure 72 bar giving density
∼7×1019electrons cm−3)
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replaced by a weighted average of the pixels in its vicinity. Such a filter acts as
a low-pass filter with a smooth frequency response. The process is defined for an
n × n image matrix by equation 6.2, where F is the filtered target pixel value, Pij
is a pixel in the original image matrix, Dij is the 2D Gaussian kernel, and S is the
sum of the elements in the Gaussian matrix.
F =
1
S
￿
N￿
i=−1
n￿
j=1
PijDij
￿
(6.2)
The Gaussian filter blurs the image while removing noise. To sharpen the image,
the contrast was increased and the image detail improved by further convolving the
image with the kernel Rij,
Rij =

−1 −1 −1
−1 12 −1
−1 −1 −1
 (6.3)
These processing techniques are standard filters available in the image processing
software package ImageJ 1.
The resulting images are duplicated and annotated separately in the following sec-
tions for clarity and presented such that the high- intensity laser pulse propagation
is from right- to- left in each case. The eﬀect of changing backing pressure is illus-
trated in figure 6.6. The images were taken 150 ps after the passage of the drive
laser beam, and in each case show an area of extended plasma formation, with rela-
tively constant transverse profile, as would be expected if the laser was being guided
through the plasma. This shadowgrams of the channel taken on diﬀerent shots of
an interaction with diﬀerent densities ( from ne = 3× 1018 cm−3 − 1.0× 1020cm−3)
using 6 TW, 30 ps duration laser pulses. In the axial direction, the plasma is ob-
served to be somewhat uniform for all given pressures. Also, it can be seen that the
radial profiles of the resulting channels at diﬀerent pressures are similar in structure
1http://rsb.info.nih.gov/ij/
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~ 239 µm
~ 45 ZR
99 bar ~ 1.0x1020cm-3
~ 2 mm
72 bar ~ 7.2x1019cm-3
Laser
35 bar ~ 3.5x1019cm-3
Laser
10 bar ~ 1.0x1019cm-3
Laser
~ 1.2 mm
3 bar ~ 3.0x1018cm-3
~ 30 µm
Figure 6.6: Images of plasma channel created in a deuterium plasma (with given
densities) by 6 TW, 30 ps laser pulses, 150 ps after exit of driven beam.
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but having diﬀerent diameters at diﬀerent pressures. We noted that the maximum
plasma length, as well as largest and most uniform plasma density, occur between
99− 3 bar.
The variation in channel width with backing pressure is shown in plot 6.7. At
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Figure 6.7: Eﬀect of pressure on channel diameter
higher densities (∼ 1020 cm−3), the measured channel length is 2 mm with diameter
∼ 339 µm, and at lower densities ( ∼ 1018 cm−3) the measured length is ∼ 1.5 mm
with diameter ∼ 30 µm. The calculated Rayleigh length(zR = 42 µm) for given
densities is varied from (35 zR − 45 zR) as shown in 6.6. It is clear that in all cases,
the plasma extended many zR with almost constant size. This behaviour is also
confirmed independently by interferometric measurements.
6.3.3 Proton Radiography
The interaction was also diagnosed via proton radiography. A secondary laser pulse
τ = 1 ps, of E ≈ 100 J, I = 1019 Wcm−2 interacted with 20 µm thick aluminium foil
to create a broad energy spectrum of protons. These were then directed through the
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interaction, to give spatial and temporal measurements of the plasma, by viewing
the deflection of the protons by the plasma in diﬀerent velocity ranges. This data
has already been published in [108]. The proton radiograph data (courtesy of G.
Sarri) set consist of ∼ 30 shots, in which both the deuterium density and the probe
time were varied.
In figure 6.8(a), channel was created by laser propagation through the deuterium
gas jet of 1 bar backing pressure. This shot was taken about 100 ps after the begin-
ning of interaction giving density ∼1018 electrons cm−3. In figure 6.8 (b) and (c), the
backing pressures of the gas was increased 10 to 100 bars, giving increase in densities
from ∼1019 electrons cm−3 to ∼1020 electrons cm−3. These images were obtained
with protons of energy 4 MeV, 100 ps after the beginning of the interaction. In all
theimages, a channel created by the laser pulse is visible in the low density region
(0.2 − 0.3ne) at the edge of the gas jet. For ne ≈ 1018cm−3 and ≈ 1019cm−3, this
extends to the edge of the jet. However for ≈ 1020cm−3, though extending all the
way, it is much move faint.
In the denser region (2 − 3ne) inside the gas jet, a strongly modulated deflection
pattern is also visible along the laser propagation axis. This region exhibits the
presence of a cloud of bubbles, that appear to be merged or overlying one another
in this 2D projection as shown in figure 6.8(c), possibly surrounding the laser-driven
channel [109]. Such a region visually resembles the cloud of solitons that was exper-
imentally and numerically observed in [110].
These bubble like structures, which we ascribe to post-solitons ( the remains of
trapped non-dephasing electromagnetic energy within the plasma.), were never ob-
served at electron densities of 0.01nc or less. These observed bubbles are associated
with strong probe proton depletion with sharp edges. Theses bubbles appears, as
the protons are deflected away due to the localised electric field which is present at
the edge of cavitiated areas, visible at the centre of the plasma [111]. These isolated
bubbles allows us to follow the fundamental properties of the temporal evolution of
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(c)
Figure 6.8: Proton Radiograph at diﬀerent backing pressures, 150 ps after interac-
tion. (a) 1bar ∼ ne = 1.1×1018 cm−3, (b) 10 bar ∼ ne = 1.1×1019 cm−3,
(c) 100 bar ∼ ne = 1.1× 1020 cm−3.
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the postsolitons [108].
Gas Jet
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Figure 6.9: Experimental setup of electron spectrometer
6.3.4 Electron Spectrometer Results
A figure [6.9] shows a sketch of the electron spectrometer setup, where the LLNL
ESM measured fast electrons from the interaction direction at θ = 8.40, i.e, along the
laser propagation direction, outside the main target chamber. The targets were shot
at normal incidence, and the spectrum of energetic electrons produced in the inter-
action was also measured by Imperial Electron Spectrometer (discussed in chapter
3) along the direction of the laser.
Figure 6.10(a) shows electron spectra for diﬀerent given densities ne. They were
fitted with a quasi-Boltzmann distribution function n(E) = A exp(−E/Te) to define
the temperature Te in MeV. In these experiments, the spectra always exhibit two
- temperature distribution. Therefore, the spectrum gives two characteristic tem-
peratures, T1 at low electron energy and T2 for the higher energy electrons. Figure
6.10(b) is a representative shot, taken at a density of ne = 6.4× 1019cm−3, showing
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Figure 6.10: (a) shows electron spectra from 2mm nozzle, for density scans with
corresponding densities ne given in legend; (b) shows electron spectrum
ne = 6.4 × 1019 cm−3 showing temperature fit T1 and T2 for low and
high energy electrons respectively.
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Figure 6.11: Electron temperatures in MeV at diﬀerent pressures. T∗1 and T
∗
2 shows
average temperatures over the given density range.
temperatures T∗1 ∼ 0.6 MeV and T∗2 ∼ 1.7 MeV. Figure 6.11 shows the variation of
the temperatures from the two-temperature fits to the electron spectra as a function
of density. Surprisingly, there is only a weak correlation of the temperatures with
density with the lower electron temperature in the range T1 ∼ 0.4− 0.6 MeV, and
the other in the range T2 ∼ 1.5−2 MeV. This is quite diﬀerent from the case of hot
electron production in the short pulse regime (τ < 1ps).
The laser plasma interaction was also diagnosed by measuring the transmitted
spectrum of the laser. The transmitted beam was collimated and taken out from
the vacuum chamber to a infrared spectrometer; CCD camera recored the spectra on
each shot. Figure 6.3.4 shows the typical example of the forward Raman scattering
(FRS). As can be seen signs of Raman Forward scatter are quite weak, as compared
to TAP experiment (c.f. section 1.3.4)
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Figure 6.12: Forward Scatter Spectrum from deuterium plasma for ne = 3 ×
1019 cm−3. The spectrum exhibits a main maximum satellite at the
laser wavelength, and small secondary satellite at shifted wavelength.
6.3.5 Simulation setup
To investigate the laser-plasma conditions created during this experiment a series
of simulations were undertaken using the code OSIRIS. For this thesis, OSIRIS was
run as a 2D-3V code on the cx1 cluster (on 64 nodes) at Imperial College London.
The simulation results are displayed in terms of the normalised units first used in
chapter 5.
6.3.6 Simulation Results
Output frame from simulation are shown in the table 6.2 below. In the simulations,
each box is approximately 25 mm in the x2 direction (transverse) and 1.581 mm in
the x1 direction (longitudinal), with a resolution of 12.56 cells/λ0 in the longitudinal
direction and 6.28 cells/λ0 in the transverse direction. The time step between out-
put was 0.49 ps and total simulated time was 30 ps. For the simulations presented,
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Laser Parameters Plasma Parameters
a0 1.5 density 0.001 ncr − 0.01 ncr
spot diameter (FWHM) 10µm target Hydrogen gas
τL 30 ps gas jet length 2mm
Table 6.2: Input parameters for the OSIRIS simulation
a stationary box was used to observe the plasma evolution following the passage
of a laser pulse with a0 = 1.5. The pulse starts in vacuum just outside the fully
ionised plasma of the hydrogen gas jet. The density profile of the fully ionised hy-
drogen plasma was investigated by using a density of 0.001 ncr − 0.1 ncr, where ncr
denotes the critical plasma density. The linearly polarised laser beam had a Gaus-
sian profile of 30 ps duration. In the simulations length and time are normalised to
c/ω0 = 0.16(µm) and 1/ω0(= 0.059fs), where ω0 is the central laser frequency.
The simulations reveals that the formation of the channel progresses as follows.
Initially, the laser beam will remain focused over a relatively short distance given
by the Rayleigh length. The ponderomotive force due to the laser, creates a plasma
channel, which focuses the laser beam over a longer distance and overcome its di-
vergence. Due to enhanced focusing, the length of plasma channel rapidly increases,
which enhances beam focusing more and more. This is the mechanism by which the
laser is driven in a channel through the plasma.
Figure 6.13 shows the longitudinal electric field, the transverse electric field and the
electron density for t = 10 ps, t = 20 ps and t = 30 ps, respectively. The pondero-
motive force of the laser expels all the electrons from the region of high intensity,
leaving an ion channel as shown in figures. The electron densities after 10, 20 and
30 ps are shown in 6.13(c), 6.13(f) and 6.13(i). This shows that the electron density
in the channel is close to zero. This electron cavitation was described by Sun et
al. [112]. The expulsion of electrons is so strong that a shock-like structure is set up
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Figure 6.13: Osiris PIC code simulation results at ne = 0.001nc = 2 × 1018cm−3.
From left to right, the longitudinal electric field, transverse electric
field and the electron number density. These are all shown for the
same time step in the simulation from top to bottom, ∼ 10 ps, 20 ps
and 30 ps.
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which expands away from the laser axis as shown in 6.13(i).
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Figure 6.14: 2D3V Osiris PIC code results showing results of plasma channelling.
From top to bottom, the electron number density is 0.001 ncr, 0.01 ncr
and 0.1 ncr. These are all shown for t ∼ 25 ps.
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Figure 6.14 shows the dependence of the channel formation plasma density. As
the plasma density is increased to from 0.001 ncr−0.1 ncr, the simulations show that
the laser was able to propagate a substantial, but not the entire distance through
the box, before the energy has been either absorbed by the plasma or reflected. This
compares well to the reduced plasma region from proton radiography though not
with the long regions observed in the optical images.
Simulation results also give information about the radial expansion of the channel,
which is shown in figures 6.13(c), 6.13(f) and 6.13(i). Sarri et al., [109] also shows
that simulated channel forms at a speed of about 7.0 × 105 m/s at a density of
ne = 2 × 1018cm−3.This is fast enough to drive a 2mm channel for 30 ps. For the
4000 6000 8000
Charge Density (A.U.)
-0.02 -0.015 -0.01
Figure 6.15: Images of plasma channel created in a deuterium plasma (with given
density 1018cm−3) by 6 TW, 30 ps laser pulses.
entire time of the simulation, the bifurcation of the laser beam can also be observed.
At the beginning when the channel starts forming, its diameter is smaller than the
laser spot diameter. With the laser beam already focused by the channel, its wave
fronts are mostly flat. However, the outer parts of the beam will propagate through
a region with a higher plasma density, and therefore at a diﬀerent phase speed, than
the central part of the beam causing self-focusing. Further evolution of the central
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beam leads to its eventual breakup, and its energy is distributed over the two outer
beams as shown in figure 6.15, (or in 3D into a ring).
Simulations at higher electron densities have been also carried out up to ne =
1020cm−3. But at these densities, the laser experiences strong blowup through-
out the entire box, thus obscuring the possible occurrence of channel creation as
shown in figure 6.16.
In this simulation, after 24.5 ps, electrons have been accelerated up to p1 =
20 mec (E ∼ 3.5 MeV) , with a small fraction extending to momenta as high as
p1 = 120 mec (E ∼ 120 MeV), as evident in the p1 − x1 phase space plot shown in
figures 6.17(a), 6.17(c) and 6.17(e). The electrons are clearly accelerated throughout
the whole box and are not obviously bunched, as would be in the case of a classic
wakefield acceleration process. Hence the likely mechanism by which electrons are
accelerated is likely to be direct laser acceleration(DLA) [74], [97]. The energy of
accelerated electrons are then given in figures 6.17(b), 6.17(d) and 6.17(f). From
these plot, the temperatures are found to be 16.6 MeV for ne = 1020cm−3 density.
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Figure 6.16: Simulated longitudinal and transverse electric fields and the electron
number density at ∼ 0.1nc for ∼ 30 ps.
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Figure 6.17: Snapshot of simulation showing (p1 − x1 phase space) the longitudinal
momentum, p1, as a function of x. Figures 6.17(a), 6.17(c) and 6.17(e)
show the bunching of the accelerated electrons. From top to bottom,
the given plasma density is 0.001 ncr, 0.01 ncr and 0.1 ncr and corre-
sponding energy spectrum of accelerated electrons, with a temperature
fit for each for ∼ 24.5 ps.
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6.3.7 Conclusions
In this chapter, we reported experimental observations plasma channels created by
focusing a 30 ps pulse with a peak intensity of 3×1018 Wcm−2 into a deuterium gas
jet. Propagation was investigated by optical shadowgraphy and proton radiography.
Here we have shown the formation of a straight, stable and long channel for low
electron densities. The size of the plasma channel was measured to be ∼ 2 mm in
length and the diameter of the plasma channel was ∼ 300 µm for higher densities.
At relativistic intensities, the ponderomotive force and relativistic eﬀects cause the
laser pulse to self-focus. The eﬀect of these two forces can guide the laser pulse
through the plasma over many Rayleigh lengths (35zR − 45zR). The generation of
energetic electrons (∼ MeV) was also observed, but with relatively little dependence
on density. This also implies that the formation of the channel has the ability to
reduce instabilities associated with the propagation. The formation of a straight and
smooth channel for electron densities (ne = 0.001nc− 0.1nc) has been illustrated by
simulations. These results exhibit the good agreement for the channel formation
with the experimental observations.
The greatest diﬀerence can be at highest density where electron temperatures are
measured to be significantly less than simulated. It is still an open question, for
higher densities, the absence of a clear density depleted channel is a consequence of
late time at which interaction was probed or if clear channel like structure cannot
experientially created at all. This will be the subject of future work. Hence, the
observed characteristics of the channel have implications for both laser wake field
accelerators and fast ignition inertial confinement fusion.
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Chapter 7
Summary and future avenues
This thesis presents the results of two experimental campaigns that are motivated
by the field of fast ignition inertial confinement fusion. This include the study of a
gas targets, the propagation of a high intensity laser pulse through an underdense
plasma. The results from the experimental chapters are summarised below. The
results presented in this thesis are summarised into two sections, the production of
hot electrons from short pulse laser and the formation of plasma channels by long
pulse laser.
1. In chapter 4, the laser gas target used in the experimental part of the thesis is
described. Gas jet targets have been developed and characterised to meet the
requirements for channelled experiments. These gas targets were designed to
produce a close to flat top density profile with steep density gradients at the
edges. For this we first discussed the physics of gas flow, supersonic nozzles
(1mm and 2mm) and refractive index for diﬀerent gases. For characterisation,
we used gas nozzles with exit diameter 1 and 2 mm for hydrogen and deuterium
gas.
The spatial gas jet profile generated was analysed independently by 2D Matlab
code and interferometry. The density comparison of these two gases of these
two nozzles are discussed in this chapter. It was determined that hydrogen
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gas has higher phase shift and thus that hydrogen gas gives higher densities
as compared to the deuterium gas at diﬀerent backing pressures. The neutral
density for these characterisation was used for the following experiments.
An advantage of the gas jet over conventional solid targets is that target gas can
be very pure, without the contaminants found on solid targets. An interesting
continuation of this work would be to develop and improve the gas jet target.
If the gas jet can be operated at higher pressures, the maximum density would
be increased. Thus producing a sharper density ramp on the gas jet would
also be advantageous.
2. In chapter 5, results were presented from an experiment of electron propaga-
tion from underdense plasma (ne ∼ 1019 cm−3). In this chapter, ultra high
intensity (≈ 5× 1020 Wcm−2) laser pulse was used to focus onto the edge of a
supersonic hydrogen gas jet target.
It was shown that at these intensities the laser beam propagates in multi-
ple filaments through the gas jet. It was also found that the interaction
produced copious amount of fast electrons. A study of plasma density re-
vealed that the choice of plasma density is important, and that both maxi-
mum energy and temperature increase rapidly down to some threshold density
(ne ∼ 1019 cm−3).
Simulations, presented in section 5.4, illuminate further the mechanism in
action. These simulations were performed at conditions matching those of
the experiment, demonstrating also that at high densities laser is particularly
prove to filamentation, and strong bending in propagation.
3. In the last part of this thesis, the propagation of long pulse laser through deu-
terium gas jet target and the subsequent evolution of a plasma channel were
studied. Experimentally, a high intensity, long pulse laser with a duration of
30 ps was focused on the edge of a gas jet under high pressure. In conclu-
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sion, we have presented experimental observations of a straight, stable and
long channel for electron densities from 1018 − 1020 cm−3. Thus laser pulses
guided through the plasma over many Rayleigh lengths (35zR − 45zR) due to
relativistic and ponderomotive eﬀects. From electron and optical spectrum,
we observed the generation of energetic electrons (∼ MeV) is for these pulse
lengths not strongly dependent on plasma temperature. This implies that the
formation of the channel has the ability to reduce instabilities associated with
the channel formation. The channel formation was also evidenced by 2D PIC
simulation with the same experimental parameters. Simulations reveal that
a smooth plasma channel is formed at lower densities ≤ 1019 cm−3. Even at
higher densities the laser travel much more in a straight line than in the short
pulse (higher intensity) case, but that in this case the ultimate length of the
channel can be limited by laser energy.
7.1 Future avenues
There are a number of future directions for this work. Laser propagation in these
near critical density plasmas appears to be important for both the electron and ion
acceleration. It could also have important implications in the hole boring fast ignitor
scheme as discussed in section 1.3. Better monitoring of the laser energy transmitted
through the targets could lead to better understanding of the interaction.
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Appendices
Abel Inversion Algorithm
The function abel takes three arguments, a 2D phase map, the resolution of that
map in microns per pixel, and the coordinate of the axis of symmetry. To avoid the
integrable singularity at r = 0 , the y values in the integrand are increased by half
of in integration step in line 13.
function [rho] = abel(Phi, micperpix, ymid)
ysize = length(Phi(1,:));
zsize = length(Phi(:,1));
h = micperpix*0.000001;
for z_index = 1:zsize,
Philine = Phi(z_index,:);
dPhidy = -diffsmooth(Philine,1);
dPhidy = dPhidy(ymid:ysize)/h;
for r_index = 1:ysize-ymid,
for y_index = r_index:ysize - ymid + 1,
y = (double(y_index) - 0.5)*h;
r = (double(r_index) - 1)*h;
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integrand(y_index - r_index + 1) = dPhidy(y_index)*( y^2 - r^2)^-0.5;
end
%Argon
rho(z_index, r_index) = -1.4863e21*h*trapz(integrand);
integrand(end) = [];
end
end
end
Phase Correction Algorithm
Here the algorithm begins from the bottom of a phase map (farthest from the nozzle),
and moves upwards. If it detects a large change (< 0.4 radians), it subtracts that
change from the phase directly above it, continuing in this manner to the top of the
phase map.
function [rhoplot] = abel(Phi, micperpix, ymid)
ysize = length(Phi(1,:))
%ysize = ymid + 300;
zsize = length(Phi(:,1))
h = micperpix*0.000001;
%disp(’Currently assuming lambda = 632nm, with Hydrogen gas’);
disp(’Currently assuming lambda = 632nm, with Deuterium gas’);
%disp(’Currently assuming lambda = 632nm, with Argon gas’);
for z_index = 1:zsize,
dPhidy = -gradient(Phi(z_index, ymid:ysize),h);
for r_index = 1:ysize-ymid,
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for y_index = 1:ysize - ymid +1 - r_index,
y = (double(y_index - 1 + ymid + r_index) - 0.5)*h;
r = (double(r_index) - 1)*h;
integrand(y_index) = dPhidy(y_index + r_index)*( y^2 - r^2)^-0.5;
end
%Hydrogen
%rho(z_index, r_index) = -3.1227e22*h*trapz(integrand);
%Deuterium
rho(z_index, r_index) = -3.0087e22*h*trapz(integrand);
%Argon
%rho(z_index, r_index) = -1.4669e22*h*trapz(integrand);
integrand(end) = [];
end
stopBar= progressbar(z_index/zsize);
if (stopBar) break; end
end
close;
for n = 1:ysize - ymid,
rhoplot(:,n) = rho(:,ysize - ymid + 1 - n);
end
for n = ysize - ymid + 1: 2*(ysize - ymid),
rhoplot(:,n) = rho(:, n - (ysize - ymid));
end
148 CHAPTER 7. SUMMARY AND FUTURE AVENUES
raxis = 1:h:h*double(ysize - ymid);
zaxis = 1:h:h*double(zsize);
figure
subplot(1,2,1);
imagesc(rhoplot);
title(’Radial Density Distribution’);
subplot(1,2,2);
imagesc(-Phi);
title(’Cartesian Phase Change’);
end
Input argument "Phi" is undefined.
Error in ==> abel at 3
ysize = lengt
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Fundamental constants and quantity conversions
Symbol Name Quantity Unit
e elementary charge 1.602×10−19 C
me rest mass of an electron 9.11×10−31 kg
mp rest mass of protron 1.67×10−27 kg
￿0 permittivity of free space (electric constant) 8.85×10−12 Fm−1
µ0 permeability of free space (magnetic constant) 4 π × 10−7 Hm−1
c speed of light in vacuum 2.998×108 ms−1
h Planck’s constant 6.634 ×10−34 Js
kB Bolzmann’s constant 1.38 ×10−23 JK−1
mec2 energy equivalence of electron rest mass 0.511 MeV
a0 peak vector potential 0.86λu
√
I18 Js
ωp plasma frequency
￿
ne[cm−3] s−1
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